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THE DETERMINATION OF THE TOTAL OXYGEN CONTENT
OF ORGANIC MATERIALS BY NEUTRON ACTIVATION

By
R.-A. Stallwood, W. E. Mott and D. T. Fanale

Gulf Research & Development Company
Pittsburgh 30, Pennsylvania

INTRODUCTION
Although oxygen in elementary or combined form is one of
the most commonly occurring constituents of organic materials and
its direct determination has been the subject of extensive investi-
gation, the development and application of rapid instrumental methods
have not kept pace with existing requirements.

Prior to 1939, methods for direct determinatioan of oxygen
in organic compounds were based on either complete oxidation of the
compound with measurement of the oxygen consumed or catalytic hydro-
genation (1) to form water. Both of these techniques were cumber-
some, required complex apparatus, and were excessively tedious and
time consuming. ‘Neither could be considered amenable to routine
applications

In 1939, Schutze (2) proposed a semi-micromethod in which
the sample is thermally decomposed in a stream of nitrogen and the .
cracked products are passed over carbon at about 1000°C. The result-
ing carbon monoxide is then oxidized at room temperature with iodine
pentoxide yielding carbon dioxide and iodine, either of which may be
determined and used as a measure of oxygen content. Unterzaucher (3)
adapted the method to the microchemical scale by making various im-
provements in the apparatus. Modifications permitting the use of
larger sample sizes were made by Dinerstein and Klipp (4) in an effort
to minimize errors in the analysis of low oxygen content petroleum
products. Oita (5) made further modifications in applying the tech-
nique to light - hydrocarbons. The problems of sensitivity and vola-
tility were overcome by using a magnetically controlled section of
spiral quartz tubing as the sample container permitting the use of as
much as 5 grams of sample. Although methods based on thermal decom-
position require somewhat simpler apparatus and are less subject to
interference than. the complete oxidation and catalytic hydrogenation
methods, time requirements of the order of 60 to 70 minutes per
analysis make them equally unattractive for routine use.

The answer to the oxygen analysis problem now appears to be

. fast neutron activation analysis (6-8). The purpose of this paper is

to describe the techniques employed at this laboratory for determining
oxygen in petroleum products and related materials by the activation

method.



In the determination of oxygen by fast neutron activation,
the sample to be analyzed is 1rtadlated with neutrons of sufficient
energy to initiate the ol (n p)N reaction (Q = -9.62 Mev). The
7.4<s5econd Nl6 activity induced in the sample is then measured and
the oxygen content computed from the slope of a calibration curve
prepared from a series of standards containing known amounts of oxygen.
Samples and standards are prepared, irradiated, and counted in exactly
the same way; all activities are normalized to a fixed neutron flux
and weight.

Fast neutrons for this work are most conveniently produced
by bombarding a tritiated target (e.g. tritiated titanium) with
deuterons in a relatively low voltage accelerator, the yield of the
73 (d,n)He” reaction being such that an adequate output. (~10 O neutrons/
sec) of l4-Mev neutrons is obtained at accelerating voltages as low
as 125 kilovolts. :

Either beta-ray gr gamma-ray counting techniques can be
employed to measure the N activity (see Fig. 1). Because of the
short half-.life of N-°, the irradiation time and the time at which
the irradiation stops, as well as the counting time and the time at
which the counting starts, need to be very carefully controlled. An
automatic timing and sample transfer system is therefore necessary
if accurate, reptoducible results are to be obtained.

‘I

INSTRUMENTATION -

A diagram of the sample transfer system used for the oxygen
analyses with detail sketches of a sample bottle in the irradiation
and counting positionms is shown inm Fig. 2. The system is operated
with air at 65 psi and is equipped with three timers and four solenoid
.valves that automatically time and control the irradiation, transfer,
and counting sequence. - Samples are transferred through the 32-foot
long polyethylene tube, which makes a 200° bend over the top of the
shielding wall, in less than 1-1/4 seconds. A photoelectric device
is employed at the target end of the transfer tube to assure repro-
ducible - positioning of the sample bottles in front of the water-cooled
tritiated titanium target (on a 2-mil thick stainless steel backing)
of the 130 kilovolt accelerator. The l4-Mev neutron flux on the
deuteron beam axis 3/4-inch from the target (center of sample bottle)
is approximately 2 x 10° neutron/cm‘-sec with a 250 yamp magnetically

-analyzed (20° deflection) beam of deuterons (D1+)

Two 3-inch.diameter x 3-inch thick NaI(Tl) scinctillation
counters are used to detect the 6.1 and 7.1 Mev gamma rays from wlé,
The outputs of the two counters are fed in parallel. through an ampli-
fier to either a discriminator-scaler or a multichannel analyzer, the
latter being needed only to determine the optimum discriminator set-
ting for a given matrix material. (For most petroleum products the
discriminator can be set to accept gamma rays with energies greater
than about 0.5 Mev without introducing any appreciable error in -the
oxygen determination.) The neutron output of the accelerator is moni-
tored with 2 BF3 counter-located in a position in the shielding wall
where preliminary tests showed that the total count during an irradi-
ation period would be-proportional to the fast flux through the sample.
The monitor is used to normalize sample data to a fixed neutronm flux
theteby compensating for fluctuations due to changing beam and tar-
get conditions.
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EXPERIMENTAL

Sample Preparation - The samples, which to date have been
predominantly rather volatile liquid petroleum products, are poured
into 1/4-ounce polyethylene bottles (weighing about 1,5 grams) fitted
with extended dropper tips* for sealing and machined polyethylene
driving caps. Sample bottles are weighed before and after filling
and the weight of the sample (~6 grams) determined to 0.0l grams.

The filling and sealing operations are carried out in an atmosphere
of nitrogen or helium.

Irradiation and Counting - Samples are put in the irradi-
ation position by inserting in a sample loader located near the
counter end of the transfer tube-and pressing a button which momen-
tarily opens solenoid valves No. 1 and No., 2 (Fig. 2). The irradi-
ation, delay and counting sequence are initiated by a manual switch
which simultaneously starts the irradiation timer and the neutron
monitor and directs the deuteron beam onto the . tritium target by
energizing a beam deflector located in the drift tube of the acceler-
ator. After the preset irradiation time (20 seconds), the beam is
automatically deflected onto a water-cooled slit stopping the gener-
ation of neutrons, valves No. 3 and No. 4 are opened, and the delay
timer is started. ~The delay timer then turns on the counting equip-
ment for a preset counting time (usually 20 seconds) 1-1/4 seconds
after being actuated. Experience has shown that the heaviest samples,
and consequently the slowest to transfer, reach the counting position
within this period. After the counting data are recorded, the cycle
is repeated until the desired total count is accumulated.

DISCUSSION

One of the most important problems to be solved before
oxygen analysis by neutron activation can be put on a routine basis
is that of obtaining a moderately sized (~5-15 ml), cheap, disposable,
sample container. Ideally, the container material should be relatively
free of oxygen, fluorinet and other elements that give rise to reac-
tion products with short half lives. Short of this, the concentration
of contaminants in the material should not vary significantly from
container to container.

Following a rough survey by the fast activation method of
the oxygen and fluorine contents of a number of possible container
materials, polyethylene was selected for further study. Samples were
either machined in the form of solid cylinders (weighing about 6 grams)
or cut into small pieces and sealed in a bottle in an atmosphere of
helium. They were irradiated and counted as described above. Rela-
tive gamma-ray activities per gram measured above a discriminator
level corresponding to 0.5 Mev for several types of polyethylene are
given in Table I; a polypropylene value is included for comparison
purposes.

These results led us to the use of the commercially avail-
able l/4-ounce polyethylene bottle (costing $37 per thousand) for our
standard sample container. Subsequent activation measurements have

* Tips (No. D13-370) are purchased with the bottles (No. 5-6045) from
Erno Products Company, Philadelphia, Pennsylvania.

+ N16 is also préduced from fluorine by the F19(n,a)N16 reaction.




, L,
shown that the polyethylene in these bottles contains approximately
320 ppm of oxygen; changes in oxygen content from bottle to bottle
are too small to be detected by present procedures. :

TABLE 'I

Comparison of Activities Induced in Polyethylene
and Polypropylene by Fast Neutrons

Relative

Activity

Per Gram¥*

Conventional Polyethylene Allied Resinous 2.7 £ 0.4
o Products, Inc.

Linear Polyethylene Allied Resinous 1.9 + 0.2
: Products, Inc.

Marlex 5003 . Westlake Plastics 1.9 £ 0.2

Company
Polyethylene from Commercial ~ ' Plax Corporation 1.0 £ 0.2
1/4-Ounce Bottle (Erno Products Co.)
Polypropylene } Allied Resinous 5.5 £ 0.6

Products, Inec,

* Errors are standard deviations due to counting statistics.

The polyethylene bottle will lose product by diffusion
through the wall and become distorted when left filled at room temper-
ature for more than a few minutes with some hydrocarbons, particularly
the aromatics. Best results are obtained, therefore, when samples are
irradiated and counted immediately after preparation.

Smooth transit of the bottles through the transfer tube is
made possible by the lip on the top of the bottle cap (see Fig. 2).
Before this feature was added transit times would vary considerably,
and occasionally a bottle would be suspended in a vertical section of
the tube by the air streaming through the annulus between the bottle
and the tube.

RESULTS

‘ A typical calibration curve for oxygen is shown in Fig. 3
for counts taken above an energy level of 0.5 Mev; the errors are
standard deviations from counting statistics. The standards were
prepared by mixing known amounts of dibutyl carbitol [(CaHgOCHzCHz)zO]
in white mineral oil. After appropriate corrections had been made
for variations in neutron flux and bottle weight, the count from a
blank run {bottle filled with mineral oil) was used to correct the
standard sample counts for the oxygen in the polyethylene and the
oil.
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Neutron activation results are given in Table II for a
group of synthetic samples containing known amounts of added oxygen
and a group of typical petroleum product samples. The poor agreement
with chemical analysis loses most of its significance when the unre-
liableness of the chemical method in the range below 1% total oxygen,
as exemplified by the data in the the third and fourth columns of
Table II, is taken into consideration. The two activation analysis
values given for. the last seven samples are from runs made several
days apart using different sample bottles. In all rumns, the samples
were cycled twice; blank runs were made with helium.

CONCLUSIONS

The fast neutron activation method for determining oxygen
in petroleum products and related materials is accurate and is rela-
tively free of trace element interference in the range above 0.0l
per cent. It allows oxygen to be measured faster and with a higher
precision than any other method yet developed. With additional de-
velopmental work it should be possible to analyze for as little as
10 ppm of oxygen with an error of about * 20 per cent.
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IRRADIATION, TRANSFER AND COUNTING SYSTEM FOR OXYGEN ANALYSI!S




L

T T e T he

TABLE IX

Analysis For Oxygen By Faec Neutrom Activatioa

Oxygen Content (1)
Chemical Analysis
Sample Cald¢ulated GR&DC Commercial Lab Neutron Activetion®
Mineral 011 0 - 0.03, 0.12, 0.0¢ 020.02
Mineral Ofl 4 Diethyl Carbonate 0.252 .- 0.10, 0.11, Q.47 0.261:0.01
hlnernl O0fl + Diethyl Carbonate 0.556 “ew 0.31, 0.37, 0,51 0.%3:0,01
Minersl Cil + Diethyl Carbonate 1.09% e 0.34, 0,63, 1,08 1.1 $0.03
GR39362 -Hesvy Gas Ofl .- 0.30, 0.33 0.20, 0.20 0.22:0.01, 0.21:0.01
GR48962 - Puel 011 Distillate .o 0.22, 0.24 0.25, 0.20 0.15¢0.01, 0,14:0.01
GR53049 - Furnace 0i1 Distillate .- '0.26, 0.23 0.16, 0.18 0.07:0.01, 0.07t0.01
{GR56085 - Light Purnace 0tl ——a 0.14, 0.12 { 0.17, 0.22 0.10£0.01, 0.09:0,01
IGR58790- Purnece 011 Latd 0.20, 0.19 0.14, 0.18 0,10:0.01, 0.10t0.01
IMinecal OL1 + Dibutyl Carbitol 0.28 am- 0.35%, 0.37 0.2710.01, 0,.29:0.01
[Mineral 011 + Didbutyl Carbicol 0.73 com 0.67, 0.80 0.73:0.02, 0,72:0.01
* Errors are standard deviations due to counting statistics,
2400 — § -]
[ ]
_— —f
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3
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o 200 —
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]
‘ | l 1 | L
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PERCENT OXYGEN

FIGURE 3

CALIBRATION CURVE FOR OXYGEN




Activation Analysis of Petroleum.Stocks for Nitrogen
and Oxygen by Activationwith Fast Neutrons

D. E. Hull and J. T. Gilmore

California Research Corporation, Richmond, California

fnalysis by radiocactivation with rneutrons from nuclear
reactors is possible for most elements, in some cases with
remarkable sensitivity. However, three light elements of particular
interest in petroleum refining, carbon, oxygen, and nitrogen, remain
quite inert under irradiation with slow neutrons. A number of
metallic impurities in petroleum can be determined by activation in
‘a nuclear reactor, but the cost of even the smallest reactor has
precluded the routine application of such analyses in petroleum
refining and research. In one case, a high-voltage electron
accelerator, used primarily for radiation chemistry studles, has
been adapted to the part-time production of a moderate neutron flux
and used to advantage in routine chemical analysis,?® but its cost
1s too great to justify its purchase solely for analysis. The recent
availability of low-cost, low-voltage, positive-lon accelerators
designed to produce neutrons has brought activation analysis within
the reach of the average industrial laboratory. The neutrons formed
by 150-kev deuterons impinging on a tritium target have an energy of

14 Mev. This supplies enough energy to activate oxygen by the
reaction o

1}

0'® + n* = H! + N'® (T%/z = 7.4 sec)

and nitrogen by
N* + n' = 2n? + N13 (T%/a = 10.1 min)

That the energy 1s somewhat too small to activate carbon by the
similar reaction

C'2 + nt =2nl1 + Cc¥1 (T%/a = 20 min)

is fortunate from the standpoint that hydrocarbons can be analyzed
for small concentrations of oxygen and nitrogen (and most of the

other elements) without the hindrance of a large interfering carbon
activity. '

We have installed a Texas Nuclear neutron generator,
Model 150~1H, and are using 1t for analysis of petroleum stocks .
for various elements by activation with the l4-Mev neutrons. At
a beam current of 0.5 milliampere on a fresh target of titanium
tritide on a molybdenum disk, we find a fast neutron flux of
2 x 10%° n/sec. With the sample in a 60-ml bottle adjacent to the
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target, we achieve an average flux density in the sample of
5 x 107 n/cmz-Sec. In this paper, we report our experience in
nitrogen and oxygen analyses.

Nitrogen Analysis

A sample up to 60 ml in a polyethylene tube or bottle is
exposed to the neutron flux for 10 minutes. Then the bottle is
placed in a well in a 3-inch NaI crystal for counting the
scintillations produced by the annihilation photons from the
positrons. Alternatively, the irradiated sample is added to a
fluorescent mixture for liquid-scintillation counting cf the positrons.
In either case, one to two minutes is allowed for any oxygen in the
sample or container to decay. Then the nitrogen is counted for a
period up to 18 minutes. The identity of the radioisotope 1is
confirmed, when necessary, by the half-life of the decaying activity
or by the pulse-height spectrum of the annihilation radiation or beta
rays. We find with a flux density in a 60-ml sample of 5 x 107
n/cm?/sec, that a sample containing 1% nitrogen gives an initial
counting rate of 1300 counts/sec.

NlS

Flux Monitoring

The variation in beam current and position on the target
during a short irradiation or from one irradiation to another,
introduces a considerable error into an analysis. The quantity of
an induced activity at the end of an irradiation is

T
dn )
/ (a—y - An)dt
)

where Qﬂ, the rate of production of the radiolsotope, is proportional

to theQtneutron flux. If this is constant during the irradiation,

the integral has the value 1 dn (1 - e~ AT)., However, if the flux is
A dt

not constant, using the average value of %% gives only an

approximation. The final activity may deviate from the above either
upward or downward, depending on whether the flux increases or
decreases during the irradilation.

We have found a convenient means to monitor the flux and
correct automatically for fluctuations during irradiation, as well as
for errors in timing. 1If, during irradiation of a sample, one exposes
as a monitor an object in which the neutrons will activate a radio-
element of the same half-life as the activity in the sample being
analyzed, the monlitor will serve to automatically integrate the flux.
If both the sample and the monitor are exposed in the same respective
geometry in each irradiation, the ratioc between the activities in the
sample and the monitor will be independent of flux variations, but
will vary only in proportion to the element being determined in the
sample.
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We have used small pieces of copper as suitable monitors for
nitrogen. Copper-62, induced by the n,2n reaction in copper, has a
half-life of 9.8 minutes, compared to 10.1 minutes for nitrogen-13.
‘The copper is placed in the same position in each irradiation and
then counted for 1 minute, bveginning 2 minutes after irradiation, in
a small well counter. The count from the nitrogen between 2 and 20
minutes after irradiation is normalized to the copper count. The -
small difference in half-lives in this case would introduce only a
2% error in normalization if the flux changed by 20% during the
irradiations. :

Interferences

At nitrogen concentrations below 0.1%, several substances
present in hydrocarbons may produce activities which interfere with
nitrogen analysis. Atmospheric nitrogen dissolved in the sample can
be as high as 0.03%; it can be purged from the sample before analysis
by boiling it or bubbling oxygen through it. Copper has a high
cross-section to li-Mev neutrons for the production of Cu-62. Because
it also emits positrons and has a half-life indistinguishable from
that of N3 and because 1t may occur at low concentrations in
petroleum stocks, it can be mistaken for nitrogen. We have been able
to separate the two by pulse-height analysis of the spectra in a
liquid scintillation counter using the large differences in beta-ray
energies. Most important interference, however, is the nitrogen-13 .
activity produced in hydrocarbons by the protons recoiling from
fast-neutron collisions and entering the reaction with carbon:2

C13 + H* = nl + N3

We have found that this reaction produces as much N3 as 0.07-0.09%
nitrogen in the sample, and this limits the sensitivity for detection
of nitrogen in hydrocarbons to about the 0.1% level. Without this
inherent interference, the sensitivity would be below 1 part per
million.

Even at higher concentrations, the N3 contribution from
this source must be evaluated to give an accurate analysis. Two
samples of a lubricating oil additive compound containing 1.83% N
according to chemical analysis, as well as a small amount of phosphorus
were diluted by factors of 10.7 and 8.7 in benzene and irradiated.

N13 agctivities corresponding te 2.56% and 2.48% N were found. The
decay of the scintillation pulses between 0.4 and 0.6 Mev fit a
10-minute curve, showing that the concentration of the phosphorus was
not encugh to introduce a large error. Activation of the benzene alone
gave N3 corresponding to an apparent 680 ppm N. This contribution
was subtracted to find the actual nitrogen content of the sample,
1.86%, which agrees with the chemical analysis.

Oxygen Analysis

Activation analysis has proved particularly valuable for
oxygen determination since it is the only method which can give
directly the total oxygen in a sample. The analysis 1s very rapid and
subject to few interfererices. The nitrogen-16 formed by the n,p
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reactlon decays with a 7.4%-second half-life by emission of beta
particles and 6 to 7-Mev gamma rays. Since these gamma rays are
twice as energetic as any others encountered in activated petroleum
stocks, we can eliminate interferences with a pulse-helght selector
set to respond only to gamma rays of greater than, say, 4 Mev.

The sample, in a 60-cc polyethylene bottle, 1s irradiated
for 30 seconds, then transferred by pneumatic tube tc a 3-inch well
scintillation crystal and counted for 15 seconds. The flux monitor
consists of a small piece of plastic scintillator, surrounded by
lucite and attached to a photomultiplier tube. The scintillator,
located & few inches from the target, detects beta particles of N8
produced from oxygen in the lucite. Measurement of this N1©
activity normalizes tne activity in the sample to the neutron flux
used for irradiation of an oxygen standard. Since the sample and
monitor are counted simultaneously, the accuracy of analysis does not
depend upon precise timing of the start and duration of the counting
period. Irradiation and counting of a standard and its monitor plus
two or three minutes of calculation completes the analysis.

Samples which have been analyzed by this technique include
polymers, lube oil additives, asphalts, and cracker feed stocks.
Oxygen contents ranged from 50 ppm to 30%. Duplicate determinations
agree to within 2-5%, depending on the level of activity produced.
The highest sensitivity is achieved with 50-gram samples, but we have
analyzed samples weighing as little as 10 milligrams. For samples
containing less than 0.1% oxygen, a correction for oxygen in the
polyethylene contalner becomes significant; and dissolved oxygen
in the sample must be removed by bubbling with nitrogen. The only
element interfering directly in this analysis is fluorine, which gives
N'® via the n,ot reaction. Fluorine is also activated to 29-sec 019,
nowever; and a measurement of this activity allows correction for the
N8 contribution from fluorine. '

References
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New Method of Tritium Labeling of
Pure Compounds and Coal Derivatives#

Paul M., Yavorsky and Everett Gorin

Research and Development Divigicn
Consolidation Coal Company
Library, Pemnsylvania

Introduction

The primary broad objective of this work was to develop the best
generelized method of labeling organic materials by exchanging hydrogem with
tritium. Of more particular interest was the production of radio-tracers by
application of the best tritium labeling method to coal and to products de~
rived from coal by hydrogenation or other processes. These tracers would
ultimately be for studies of the mechanism of physical and chemical processes
in which these materials are used.

Generally, the materials that are to be labeled for coal processing
research are of very complex and usually unknown chemical structure. In such
cases, labeling with carbon-ll4 1s precluded since the only method available
for incorporating this polyvalent isotope 1s chemical synthesis. On the other
hand, potentially any organic material can be tagged with tritium since the
universally present monovalent hydrogen is susceptible to isotcpic exchange
under prover conditions. This applies to non-descript organic materials as
well as pure compounds.

The most important quslification of any labeling method is that it
ylelds tracers of chemical structure.-identical with the material being labeled.
Any production of tagged by-products of altered chemical structure requires
stringent post-labeling purification before trustworthy tracers would be obe
tained.

Two genreral methods of tritium tagging have been evaluated. The
first evaluation was of the more familiar Wilzbach method, which induces
self-labeling by the beta radiation from tritium gas in contact with the
material to be tagged. Numerous difficulties were found in this method of
producing tracers, mostly arising from radiolysis damage to the tracer, as
will be pointed ocut later. Dissatisfaction with the Wilzbach method led to
development of a new method, based upon a highly reactive tritiating reagent
that promises wide applicability. This latter method utilizes catalytic
activity to promote isotopic exchange of tritium into the tracer, as opposed
t0 the radiation lnduced exchange of the former method with its inherent

" molecular damage.

3oth labeling methods have been tested on hydrocarbons that typify
chemical structures expected in coal and coal derivatives, to provide backe~
ground informstion for tagging these materials. This isstill considered an
interim rerort, in the sense that mach more extensive work is indicated to
determine the variety of compounds, other than hydrocarbons, that can be

#This work was supported in part by the Division of Isctopes Development,
U.S. Atomic Energy Commission Contract No. AT (30-1) - 2350, Task II.
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successfully labeled with the tritiating reagent method. It 1s conceivable
that this method may be sufficiently universal to apply, not only to a wide
array of coal and petroleum materials, but also to some pharmaceutical and .
blological campounds.

Though much vork has been done in the past on the use of acids and
acid catalysts to promote hydrogen isotopic exchange, especially with deuterium,
the past methods have several disadvantages. Some isotopic exchange 1s ob-
tained with powerful inorganic acids as concentrated sulfuric., However, it
cannot be considered as a generalized isotopic exchange reagent because of un-
desirable pulfonation reactions with aromatic compounds. Also, the exchange
rate 1s often not very fast. Wesker aclds as phosphoric require elevated
temperatures to effect & reasonable rate of exchange, Under these conditions,
undesirable side reactions as formation of tars and polymers are observed for
aramatic hydrocarbons.

We then considered boron trifluoride as catalyst to promote isotopic
exchange, with tritiated phosphoric ecid as the tritium carrier. The boron
trifluoride forms a one-to-one molar camplex with phosphoric acid and it was
goon observed that this complex was a powerful tritisting reagent, free of
side product generation for many tested hydrocarbons.

Experimental Procedures

General

Three methods of asgsay of the specific activity of tritium In tagged
samples were examined. The 2inc fusion - gas ion chamber method was tried
initially. The method has been described in detail by Wilzbach!: 2 and by
Tolbert3. The total sample is gasified to a mixture of mostly Hp and CHy and
the radioactivity of the gasified material determined in a gas ion chamber
as described by Tolbert®. The iom current is measured with an electrometer.
This method was satisfactory for materials of high activity, of 100 uc/gm or
more. It did vot have sufficient sensitivity for accurate assey of low
activities such as 1 to 0.1 uc/gm because of extraneous fluctuating background
readings.

The second method tried was direct liquid scintillation counting of
the sample. A single channel counting apparatus vas assembled as described
by Hodgson and Gordon*, A special lov, dark current, lovw noise photo multi-
plier tube (Type 9536A, EMI Electronics Ltd., England) was used in a cold box
at -10°C for sensing the scintillations. Attached electronic counting apparatus
consisted of a preamplifier and commercial scaler. The method was satisfactory
for relatively few pure colorless liquids. Many of our materials, either
natural or model compounds, are colored or highly quenching in the liquid scin-
tillators and cannot be counted this way.

The final method adopted is applicable to all types of orgenic pro=-
ducts , including highly colored natural materials. The method is one that has
been previously recommended by Quinn> and involves dry combustion of the sample
followed by liquid scintilletion counting of the collected product water by

well-established water-counting techniques. The method is more rapid than zinc
fusion, up to 20 samples per day can be assayed as opposed to about L for the
former method. It is sufficiently sensitive for accurate assay of specific
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activities dovo to 0.01 uC/gn.' Sensitivity could probably be extended
another order of magnitude by use of more modern dusl channel liquid scine .
~tillation counters. :

To test for radio-chemical purity of tracers, or conversely, the
distribution of tritium asmong impurities and parent tracer, vapor phase
chromatography was used in the manner described by Rlesz and Wilzbach®, 4
sample is elutriated through a Perkin-Elmer chromatograph. The effluent from
the chromatograph was passed through a thermal conductivity cell and a con-
tinuocus flow ion chamber in serles. A dual chromatograph was thus cbtained,
The recorded output of the thermsl conductivity cell shows the mass assaciated
vith each elutriated peak while the recording of the ion chamber curremnt glves
the amount of radioactivity associated with corresponding pesks. In some cases,
tagged tracers are of low activities, below the sensitivity of the ien-~chamber
detector. In these cases, the elutriating peaks are collected individually
in ice traps and then assayed by combustion and liquid scintillationr counting.

Wilzbach Method

The Wilzbach???7%:7»8 method of labeling has been well described im
previous literature. It consists of exposing the material to be tagged to
several curies of pure tritium ges in a sealed reection vessel for several days.
Tritium exchange for bound hydrogen occurs under the influence of the beta
radiation from the tritium. Unfortunately, besides isotoplic exchange, the
parent compound undergoes radiolysis such that highly tagged side products are
always produced. Thus, 1t becomes important to determine the distribution of
the tritium between the parent unmodified compound and that of the side pro-
ducts of altered chemical structure., This was done according to the chro-
matography procedure described above. Purification of labeled materials pro-
duced by this method was carried out by preparative vapor chrematography as
well as ordinary techniques as micro-distillation and crystallization.

THoFO4°BFs Method

The procedure for making and using the phosphoric acideboron fluoride
tritiating reagent is very simple as indicated in Flgwe 1. PFirst, tritiated
vater and phosphorus pentoxide are mixed stoichiometrically to give absolute
tritiated phosphoric acid. Then boronm fluoride gas 1s bubbled into the acid
until it is saturated (absorption is rapid) which ylelds a one~to=-one ratio of
EFgy to aclid, forming the complex shown in Figure 1. This complex reagent is a
very dense liquid, immiscible with all hydrocarbons, but soluble in organic
compounds containing oxygen. This reagent must never be stored in glassware
for extended times. An imperfect seal, allowing long water vepor absorption
will lead to hydrofluoric acid attack of the glass sufficiently to dissolve
through the contalner. DPolyethylene ware is used for lonmg-~term storage as well
as for tagging experiments that extend beyond 2 or 3 days. Ordinary glassware
can be used with the reagent in experiments lasting a day or two.

. The specific activity of tritium in the water used to form the re-

agent is the primary determinant of the specific activity of the ultimate tracer
treated with the reagent. Thus if very high specific activity tracers are de-
sired, high concentrations of tritium oxide are used in making the phoesphoric
acids.

.
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To tag an organic liquid, it is simply stirred in a round-bottom
flask vith the reagent. Solids are ground fine and slurried with the reagent.
The ratio of reagent to materiel being tagged is arbitrary, determined ty
vhether one wants to transfer most of the tritium in the reagent to the material
or only a little, At equilibrium, the tritium etoms in the mixture are sta-

tistlcally distributed among all exchangeable hydrvgen positions, including the

three of phosphoric acid. In this preliminary work, we have used a 2 to 1 mass
ratio of material being tegged to reagent. . ’

In tegging of coel and coal extract, the material was first ground
to =200 mesh before comtacting the reagent. The tagged solids were recovered
by filtration. The cake was washed three tiues with wvater and twice with 1%
NaOH solution and again with water until neutral.

After exchange tagging, bydrocarbon liquids as toluene are simply re-
covered by decantation in a separatory funnel and sclids are collected by fil-
tration. If tke organic material dissolves in the reagent, as anisole does,
then a few drops of water carefully added to the mixture will result in sepa-
ration of the organic phase for decanting. The tracer is then washed several
times with water and dilute sodium bicarbonate to remove all of the reagent and
labile tritium.

The radio-chemlcal purity of the tracers produced with the TH;PO4°EFg
reagent is demonstrated by examining for any loss in specific activity when
the tracers are subjected to three stages of purification. The product is first
treated with sodium to eliminate any labile tritium. This is followed by frace
tional distillation and finally by preparative chromatography with discrizi-
native collection of the single peak identified as the original compound. We
have found that these purity tests are more dependable than the dual radiatione

.mass detection chromatography alone.

Solid materials such as coal extract and coal were only tested for
gross physical changes after tagging, such as melting point.

Results

Bvaluation of the Wilzbach Tagging Method

A series of pure aromatic hydrocarbone, typical of hydrocarbon types
found in coal hydrogenation olls, were tagged by the Wilzbach methcd. The
results obtained are given in Table I. Included are the tests for radio-
chamical purity of the labeled products as determined only by vapor phase
chromatography with dual radiation and mass detectors. It is noted that the
apparent radiolysis damage decreases both with increasing aromaticity and with
the number “of ITused rings. In general, the amount of radiolysis damage seemed

‘encouragingly small for high molecular weights. The method was then likewise

applied to the tagging of a serles of narrow-boiling fractions of oils derived
fram coal hydrogenation, Boiling points ranged fram 233 to 355°C and the oils
are considered as high molecular weight. Here again, the apparent amount of
radiolysis damage was quite small. With the exception of one of the middle
boiling fractions, the percent tritium irn side products seen om the dual chro=-
matographs was five percent or less,

) However, such anomalous results vere obtained in experiments with tﬁe
Wilzbach tracers, even with the simple compounds purified by chromatography,
that more rigorous exsmipation of radlo-chemically purity becsme imperative.
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Faphthalene was chosen for a more stringent investigation of the
purity of the Wilzbach tagged material. The nephthalene newly tagged for this
investigation appeared, by chromatogrephy, to have even less tagged impurities,
i.e., 6.3 percent as opposed to 13.1 percent for the earlier sample shown in
Table I. Suspecting hold-up of some radiolysis impurities in the chramatograph,
the tritiated naphthelene was run through a fresh column which was then flushed
with wvater vapor. This revealed that only 62% of the radicactivity elutriated
with the pephthalene peak, 4$ with the light hydrocarbon impurities and 34% was
flushed out by the subsequent water. Therefore at least 34% of the tritium was
in unsteble radiolysis products that were retained by the columm. Thus, at best
the naphthalene could be only 62% radio-chemically pure. This paints out that
one should not view radio-chromatography as a sufficient test of radic-chemical
purity. :

. Next, diluted, tritdated naphthalene was rur through a series of purie:
fications as shown in Table II. The scdium treatment was suggested by the
possibility of labile tritium in radiolysis impurities, that could have trange
Perred to the chromatographic packing (Perkin-Flmer Type A} and then be flushed
ocut by water. Since there is no labile hydrogen in naphthalene, the cbserved
drop in specific activity upon sodium treatment is due to such hydrogen in
radiolysis impurities. .Recrystallizations slowly but definitely decreased
specific activity -~ further evidence of radio-chemical impurity. Fraction dise
tillation (under vacuum) reduced drastically the specific activity of the center
cut of naphthalene, down to about a third of the Initial activity. Thus dis-
tillation reduced the specific activity more than chromatography, showing that
all that elutriates with the naphthalene peak from the chromatograph is not
tagged naphthalene., The longer residence time at elevated temperatures in dise
tillation may have removed unstable radiolysis productis, such as by polymeri-
zation, making distillation a more efficient purifier than chromatography. The
question mark in the last row of Table II indicates that even after the shown
purification schemes, there is not sbsolute assurance that the naphthalene is
campletely radio-chemically pure. In fact, using this final tagged naphthalema
in a de-tagging isotapic exchange test with benzene at 380°C resulted in 16.6%
loss of tritium from the naphthalene, whereas when tritiated naphthalene pro-
duced chemically (and more likely pure) was used under the same conditions, no
exchange loss of tritlum wvas observed.

Thus, radiolysis during self-labeling, preduces contaminants, in trace
chemical amounts but of very high specific activity, which have physical proper-
ties so closely resembling the parent campound or so minute in quentity, that
they are not distinguished by chromatography and defy all but the most pains-
taking purifications which may be prohibitively extensive, It follows that but
little specific activity remains in the purified tracer.

We are not alone In these cbservations of purification problems with
the Wilzbach method, as several others reported in late 1960 or early 1961. To
cite a few others, a group working at the University of Rome” on self-labeling
of substituted benzenes and a Bureau of Mines Group® that labeled numerous ore
ganics assoclated with gasoline, had both then observed that careful purification
is required. Wilzbach® too has pointed this out - quote? "In view of the mmber
-of tritiated impurities which are likely to be present, it is perheps remarkable
that radio-chemical purity can be achieved for any but the simplest of com~
pounéds”, unquote. ’
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At this point, 1t was deemed wise to search for another method of
tritium labeling, for certainly if simple single compounds are so difficult
to obtain radio-chemically pure, it would be practically impossible to com-
pletely remove radiolysis contaminants from camplex mixtures derived from
coel.

Bvaluation of the THoPO.'3Fa Tagging Method

Initial work was carried out on the eveluation of concentrated sul-
furic acid as a reagent for isotopic exchange tagging of tetralin. This method
was abandoned when 1t was found that the formation<o sulfonation products could
not be avoided and tagging was rather slow, FPhosphoric acid was next tried as
a reagent. Elevated temperatures of 85°C or higher were required to obtain
reasonable tagging rates. At these temperatures, by-product materials were
formed by apparent polymerization reactions, invalidating this approach.

A1l subsequent work was devoted to the use of the tritiated phosphoric
acid - boron fluoride complex as the tagging reagent. It was soon found that
this material. was a very powerful tritiating reageat which overcomes the de-
ficiencies outlined above for other acids, i.e., it is both ron-destructive and
fast.

Some initlal results of tagging with the tritiating reagent are shown
in Teble III. These compounds were all mixed with half thelr weight of
THaP04°BF4 which had a specific activity of 1400 uc/gm, except for anisole where
the reagant had a specific activity of 380 uc/gm. The degree of tagging shown
was accomplished in less than 8 hours. It is irmadiately apparent that the
aromatic compounds tag very rapidly as demonstrated by the first five listed in
Table ITII, The non-aromatics that contain a hydrogen on tertiary carbon, namely
methylcyclohexane and decalin also tag but at a lesser degree. The non-branched
eliphatics as exemplifie=d by cyclohexans and n-octene appear not to tag at all.
‘In fact, fractional distillation and preparative chromatography practically
eliminates the tritium activity from these two purified allphatics. Thus there
seens to be some selectivity in this method of labeling, wits preferential label-
ing of aromatic hydrogen positions, considerably less for hydrogen on tertiary
carbon atoms and essentially none for non-tertiary alkane hydrogen, Future
studies will determine the degree of labeling of other forms of hydrogen as those
on carbon atoms adjacent to carbonyl groups and cother chemically activated forms.

The radio-chemical purity of the tracers produced with THoPO,°BFj; 1is
demonstrated by comparison of the last two columns in Table IIT and is indeed
encouraging. The three purification steps applied were described earlier, The
purity results, that is the agreement between the last two columns in Table III,
indicate that essentially all the iritium radioactivity is in the radio-chemically
pure tracer, recoverable at yields better than 20%. The small tagging observed
in the last two compounds - the non-branched aliphatics - is attributable to
chemical impurities orlginally present before tagzing. Indications are that in
most cases, 1f one starts with an absolutely pure campound, after-purificetion of
the tracer 1s unnecessary and the only reaction that occurs is tagging by ex-
change of tritium for hydrogen. This was most gratifying as opposed to finding
the major portion of bound tritium in radiolysis impurities in the Wilzbach
method. In compounds studied so far, only isooctane exhibited some formation
(sbout 0.5%) of new side products upon treatment with the tagging reagent.

Thege side products are easily distinguished and removable by preparative

chromatography.
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It is interesting to note in Tehle IIT that cis and trans decalin
do not tag at identical rates. Also note that naphthalene was tagged in ’
cyclohexane solution (L0%) to facilitate contact with the reagent.

Some preliminary kinetic data on tagging with the TH.PO,°BF, are
presented in Figures 2 to 5. Figure 2 compares the tegging rates of three
aromatic compounds under similar conditions. Tetralin and toluene tag much
more repidly than benzepme. This is due to the molecular alectronic direc-
tionel influence of the substituted groups on the benzens ring which activates
arcmatic hydrogen exchange.

It 15 seen from Pigure 4 that enisole tags even more rapidly than
tetralin or toluene. Tbis is in line with the expected stronger electronic
directionsl influence of the ether substituted benzene ring than the methyl
substituted ring.

Figure 3 clearly 1llustrates the strong temperature dependence of
tagging rate as observed for benzene. Thus tagging to equilibrimn can be
accelerated in cases which may be relatively slow.

Attention was then turmed to tagging solids, including coal and
derived products. Some results are showm in Figure 6. The coal extract,
derived by hot tetralin extraction of a Plttsburgh Seam coal (Ireland Mine)
is solid at the tagging temperature of 23°C. The amount of tritium exchangs
to the extract is obviously quite low, which is at least partly due to the
fact that it must be predominantly a surface reaction. The coal itself
(Ireland Mine) as shown in Figure 6, tags at an ever slower rate than the
extract. The reason for the lover rate is not clear though it may be a re-
flection of more isotopic or molecular diffusion in the extract.

Another sample of Pittsburgh Seam coal, but frum the Montour FNo. &4
mine, vas used to study the tagging rate over an extended period of time, i.e.,
120 hours. These results ere in Figure 7. A fresh sample of coal wvag used
to reduce effects of oxidatiion. The coal also had been extracted with beiling
methanol tc remove any resinous materials from the coal particle surface that
might inhibit contact with the labeling reagent., The results show that the
coal continues to be exchange-labeled over & long period, probably by tritium
diffusion through the solid coel. The theoretical limit (explained later) of
labeling all of the 4.53% hydrogen content of this coal is 585 uc/gm as com=
pared to only 30 u.c/gn attained in 120 hours,

Solid naphthelene was tagged in the same way as coal wiih the results
also shown in Figure 6. It tags even more slowly than coal. However, when
nephthalene is tagged in the form of a 10% solution in cyclohexane, the tritium
exchange is very rapid as is seen in Pigure 6. It is apparent that the slow
rate of tagging of coal and extract is primarily due to slow tritium diffusion
through the solid and not necessarily connected with any deficilency of ex-
changeable arcmatic hydrogen, since the aromatic naphthalene also tags very
.slowly in the solid state.

Discussion

Products of Wilzbach Tagging

It 1s clear that the chromatograph is not a sufficient criteriom for
radio~chemicgl purity of tracers produced by the Wilzbach method from polycyclic
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hydrocarbons. The results indicate that many of the tagged products, from
naphthalene, for example, are unstable tritium addition products rather than the
desired isotopic exchange products. Some of these, as ditritio derivatives, may
be unseparable chromatographically from naphthalene. Both the labile character
of the tritium as seen by their ease of removal with sodium and the suggested
polymerization in the chromatograph (hold-up), would fit the properties of com-
pounds of this type.

It may be concluded thet the Wilzbach tagging method is unsuitable
for the production of reliable tracers from polycyclic arcmatic compounds.
Required post~tagging purification is too extensive,

Equilibrium Tagging With the TH.PO,°BF, Reagent

A postulated mechanism of exchange labeling of an aramatic with the
reagent was illustrated in Figure 1. It is likely that the powerful acidic
properties of the complex cause formation of carbonium ions, accompanied by a
proportional probability of adding a tritium ion to the organic compound. This
meta-stable ion can then loose a hydrogen ion, yielding the tritium tagged come
pound. :

The calculation of the theoretical limit of tagging is based on the
assumption that at equilibrium the tritium is statistically distributed between
all exchangesble hydrogen positions in the compound being tagged and in the
phosphoric acid complex. This leads +~ the following expression for the tracer
specific activity (ST ) obtained at equilibrium, or ultimate labeling, as a
function of initial specific activity of the reagent ( Sp ), the weight ratio
of tracer to reagent (W, /W, ) and the number of exchangeahle hydrogen positions
(¥, ) in the tracer.

a

) Ly
5)‘ = M" — - (1)
e et e

M, 1s the molecular weight of the tracer compound.

As seen in Figure 3, the experimental limit of tagging of benzene at
65°F coincides well with the theoretical limit calculated from Equation (1),
where Wx /Wr = 0.5 and taking My = 6. Though not given in this figure,
long-term tagging studies of benzene have shown that the same equllibrium specific
activity is reached in 80 hours at 23°C.

In Figure 5, it 1s seen that tagging of toluene at 23°C is approaching
the calculated limit of tegging for five hydrogen positions but not for eight,
i,e., 2ll the aromatic positions are being tagged but not those on the methyl
group. If tagging were being restricted to only the ortho and para aramatic
hydrogens, then the limit would be that calculated for 3 hydrogens. Since this
is exceeded by the experimental curve, the meta hydrogens must also be tagging,
but likely at a lower rate than the ortho and para types.

‘8imilarly, in Figure 2, the results with tetralin show the experi-
mental limit to agree with the calculated limlt for four exchangeable hydrogen
positions which again corresponds to tagging of all of the aromatic positions

only.
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' Anisole tagging, &s shown in Figure 4, again behaves like that of
toluene. The coamparison of experimental limit of tagging with those calcu~.
lated for 5 or 8§ exchangeabls hydrogens again indicates that only the 5
aromatic hydrogen positions are labeled and not the 3 on the methyl group.

Firmmer conclusions can be reached from equilibrium tagging relative
to the pumber of exchangeable positions by using a large excess of tritiating
reagent. This improves the resolution between levels of tagging when dif.
ferent numbers of exchangesble hydrogen are considered. If Wi >> W >
then equation (1)} reduces to the expression

@ e ostele\ Ny
S S (F)R,

and the equilibrium specific activity is thus proporticnal to the number of
exchangeable hydrogens. On the other hand if W << Wi | then the specific
activity of the compound becomes independent of A . Future work will therew
fore be carried out to confimm the number of exchangeable positions by the
use of a large excess of tritiating reagent.

PFor the weight ratio used in this preliminary work, Wi /Wpe = 0.5,
the equilibrium tagging limit is not very seasitive to the number of ex-
changeable hydrogen positions. The relative values for S for toluene
for 3, 5 and 8 exchangeable positions with the above weight ratioc are
1:1.1:1.15, vhereas using an excess of reagent would spread the relative
values of Sy  to L:1.67:2.67.

Preliminary Exsmination of Exchange Reaction Kinetdcs

The kinetics of the isotoplc exchange reaction with the tritiating
reagent may be discussed using the mechanism shown in Pigure 1 as a2 basis,
It may be assumed that the opposing reaction rates are first order with respect
to the concentration of the exchangeable hydrogen positions in the tracer and
to the concentration of tritium in the tritiating reagent. Since we are often
dealing with a two-phase system, absolute rate constants cannot be obtained.
This is true since the rate is undoubtedly a function of the amount of intere
facial contact area between the hydrocarbom and the phosphoric acid phases.
Meaningful comparative rate data can be obtajned, however, if constant con-
ditions of agitation and a constant ratio W; /wj. 15 employed in a series aof
campareble experiments.

It is lmown from prior vork on deuterium exchange that aromatic
hydrogens in different positions relative to orienting substituents on the
benzene ring undergo exchange at considerably different rates. The rate equatien
for aromatic exchange can therefore be written in generalized form as

e A - s ()] e

Subscript ¢ denotes the verious types of exchangeable hydrogen and § denotes
specific activity. The second tem en the right side of the equation corresponds
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to the retardation effect of the reverse process, l.e., exchange of tritium
from the compound with hydrogen in the reagent. It 1s assumed that the ratio
of tritium to hydrogen 1s equal in both the reagent and compound after equilibe
rium is established and thus the rate constants of the forward and back re-
action are equal.

The integration of equation (2) bacames rather complex vhen the
specific activity of the reagent decreases during the course of the reaction,
The initial rate can be used if desired to obtain a "weighted™ average rate
for all the exchangeable hydrogens

N
d5 = S A(FE) 3)

However, due to the wide variation in rates between different ex-
changeable hydrogens the calculation of such an average rate would bave little
significance,

It is necessary to use the integrated fom of equation (2) to derive
values for the individual rate comstants. To facilitate such integratiom,
future kinetic data will be obtained under conditions where a large excess of
reagent is employed, i.e., vhere Se may be treated as comstant. Integration
of equation {2) becomes rather simple under such circumstances and leads to
the expression

S, = fr”r- (: A ) (4)

Though no data vere yet taken with such an excess of reagent, suf=
ficiently extensive data were obtalned on benzene to permit calculation of
rate constants in this particular case without having S~ constant. Since
benzene has only one type of hydrogen, integration of equation (2) 1s rather
simple in spite of the fact that 5"_ varies wvith time under the conditions of
our experiments. The result is

S ) 4GNS

To derive values of the rate constants one merely has to plot the logaritimic
term on the left versus time. This has been done for the benzene rate data

at various temperatures and the results are given in Figure 8. The best .
straight lines were drawn through the data by the method of least squares, The
fit to straight lines is rather good as seen. For example, the statistically




calculated correlation coefficients for the dats at 21 and 45°C are 0.969
and 0.995 respectively. The values of the rate constants, .4 , are

A (i 4) g {°c
0.16 21
2.19 45
T.95 . 65

The apparent activation energy, ¢alculated from an Arrhenlus plot
of only three points of rate constant versus temperature, camnot claim much
accuracy but ylelds a value of ebout 17,700 cal/mol.

A compariscn may be made with recent rate data by Olssen*® on the
rate of isotopic exchange between benzene and tritiated 80% HaS0,4 acid at
25°C. The rate constant for the BF; reagent is greater by a factor of 200.
The rate constants in heterogeneous systems of this type are, of course, not
strictly ccmparable, Yet, the comparison shows, at least quali-
tatively, the very powerful nature of the THoPO4°BF3 reagent for pramoting
isotopic exchange.

Adventages of the TH-PO4°EF3 Labeling Method

Many edvantages of this new method of lebeling with the triiiating
reagent, THoPO4°'BF53, have been demonstrated, as compared to the radiation in-
duced self-labeling method. A summary of these follows:

1. Virtually radio-chemically pure tracers, wvithout highly tagged
side products, are produced in many cases. This obviates the extensive.aftar-

purification required in the radiation method. Coe has more faith in the tracer

produced.

2. It is more rapid. The desired labeling can often be accomplished

in a few hours as compared to several days by the latter method.

3. It is less involved. Ordinary chemical laboratory ware will
suffice instead of special vacuum trains and gas handling systems.

L., Tt is less hazardous from a radialogical health standpoint, be-
cause it avolds using multicurie amounts of radioactive gas (tritium) vith the
inherent possibilities of leakage in gas handling systems.

5. High specific activity tracers can be produced when desired.

- Tracer activity 1s easily controlled by the ameunt of tritium one chooses to
incorporate in the reagent and the ratic of reagent to tracer compound mixed
for labeling. The tagging reagent is very simple to manufacture from inex-
pensive tritiated wvater. It is a non-volatile liquid and need not incorporate
.much more tritium then wanted in the final tracer, Tracer specific activities
of over a curie per gram can be produced when desired for experimental studies
that will result in high diluticn.




10

23.

References

K. B. Wilzbach, L. Kaplan and W. G. Brown, Science, 118, 522, (1953).

K. E. Wilzbach, A. R. VanDyken and L. Kaplan, Anal. Chem., 26,
Fo. 5 (195%4).

Ionization Chamber Assay of Radioactive Gases = B. M. Tolbert,
USAEC Report Fo. UCHL-3499 (1956).

Single Channel Liquid Scintillation Counter, P. S. Hodgsonm and| __ .
B. W. Gordon, Liquid Scint, Counting, Proc. of Conf. at Northwest
Univ. Edited by C. G. Bell and F. N. Hayes, pp. 185-190,
Pergammon Press (1958).

Comparison of Ion Chamber and Liquid Scintillation Methods for
Measurement of Beta Emitters, V. P. Quinn and C. D, Wagner,
Atomlight (New England Nuclear Corp.) No. 12, April 1$60.

P. Riesz and K. E. Wilzbach, Jour. Phys. Chem., 62, 6, (1958).

P. Cacace, A. Guarino, G. Montefinale and E. Possagno, Interntl. J.
of Appl. Rad. and Isotopes, 8, No. 2-3, 82 (July 19560).

"Susceptibility of Organic Compounds to Tritium Exchange Labeling®
-M. L. Whismen, P. G. Schwartz and B. H. Eccleston, USBM, RI,
No. 5717 (1961).

Pritium Cas E:xposure Labeling -~ K. E. Wilzbach, Atomlight (Nev England
Nuclear Corp.) No. 15, (December 1960).

Acid Induced Aromatic Hydrogen Exchange - S. Olasen, Archiv. Kemi 14,
No. 9, 85-98 (1959).



g B 14 ¢ 11 8 L1t : T'9 . (%09) susamtmusydorpArra
20 6°6L 4 6°6L och2 ' 6'G SUOIYIUTUSU
T°€T : ?o . 4 el . ogoe 6 . , sno oy udeN
9'¢e - 114 SIS : 2he 00t8 . : 1°'g u3TeII8]
BT wz Lg€ o292 ot uFTeoeq
o713 TaInAu] Punoduo) . jonpoxd [CEIECYET0)) « 89T.InJ) . Tt 103w
stefioTpey juoxed POTITINI u0139TPuILT UoFIeTPRIIY Ul
Uy juedzed ©our ~uoN _ £3TAT30V WMTITY
Ml. “FATATIOV 971370006 .
oul , .

Audesdojvwoiy) 66N - WOTIUIDOH [o0d 03 PUIDIOOOV
gpunode) TePol 204 POMISW YowqzTIM Lo BurdBel umTlLL JO s1Insey

I oTqul



25.

Table IT

Naphthalene Tritiated by Wilzbach Method

Resultant Specific

Bxx;iﬁcation Treatment _ ' . Activity (uc/gm)
None ' 8o.0
Na Treatment of Benzene Solution 56.0
Recrystallization From Benzene 55.9
Recrystallization From Methenol 50.4
Practional Distillation ' 26.0

Complete Purification ?




Tritium Tracers Produced With THPO.*BFa at 23°C

Labeled Compound:

| Benzens
Toluens
Tetralin
naphtmené
Anisole A
Mathylcyclohexane
Decalin

¢is = Decalin
trana - Decalin
Cyclobexane (99.6%)
n-Octane (98.6%)

Teble IOI-

26.

Reaction  -Specific Activity = Specific Activity,
Time Before Purificatien - Purified Tracer
(Ers) (ac/gm) (uc/gm)

6.0 1o§.6 ... 108.2
6.5 - 550.0 © 555.0
5.5  36.0 551.0
7.0 lkaé.o _' 1440.0
6.0 156.0 146.0
6.0 9.25 9.36
6.0 32,2 314
6.0 - 52.5
6.0 - 23.8
. 6.0 0.96 o
16.3

6.0

o

-1
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Gamma Ray Viscometer-Densitometer for
(0ils at HEigh Temperature and Pressure

Paul M. Yavorsky and Jare L. Freeman

Research and Development Division i
Consolidation Coal Company
Library, Pennsylvania

Introduction

The manufacture or reprocessing of liquid hydrocarbons derived from
either coal or petroleum often involves high temperatures and pressures, notably
in hydrogenation or reforming units. The accurate design of such units, par-
ticularly the liquid handling systems, thus depends heavily upon knowledge of
the physical properties of the liquid inventories or oils at the rigorous con-
ditions employed in the units. Viscosity and density data for liquids at very
high temperatures and pressures are indeed sparse in the literature, for even
the more familiar liquids. Such engineering data are almost certain to be
completely unavailable for new products and processes so that the necessary
data must be obtained direcily om the nev materials.

The instrument described here was developed, in particular, to
reasure the viscosity and density of coal oils at temperatures up to 450°C
and pressure up to 5000 psig, conditions used for further hydrogenation.
However, the instrument 1s of widespread lnterest since it can be used to
galn data on any liquid under extreme conditions.

Gamma radiation is perhaps uniquely applicable to determine liquid
properties under such drestic conditions. The necessary heavy equipment to.
maintain these conditions precludes the use of more conventlonal measuring
technigues.,

Bxperimental Equipment

A schematic diagram of the apparatus 1s given in Figure 1. The ar-

" rangement shown is that for viscosity measurements. The liquid is contained

in a controlled temperature autoclave that can be maintained under high pressure,
Basically, viscosity 1s determined by meesuring the falling velocity of a plummet
in the liquid., The special shape of the plummet facilitates measurement of the
velocity. It consists of two wide disc ends connected by a thin stem. The
gamma ray beam traverses the column of| liquid. As the plummet falls through

the gamms ray beam, the two heavy ends absorb much of the beam and the stem ab-
sorbs but little, Continuously recorded observation of the beam intensity ylelds
two deflections and from their time separation and the size of the plummet, the
velocity is easily calculated.

The clearance between plummet and inner wall of the vessel is small,
of the order of 5 to 10 thousands of an inch. This 1s to suit the low viscosities
at bigh temperatures, i.e., to give a falling velocity slow enough to be accursately



measurable. For such close clearance, a very finely machined sleeve mmst be

used as the inner vall to eliminate wvall irregularities of the autoclave. . -
‘Sleeve and plummet are of the same stainless steel (type 304) to avoid thermal

expansion differences.

The gamma ray source is a 5 millicurie gsealed source of cesium-137,
encased in a 4-inch lead cylinder. A guarter-inch hole drilled through to the
source sexrves as the collimated aperature for the gamma ray beam. Because aof
sensitivity, a scintillation counter is preferred for detecting the beam in-
tensity and its output is measured by a count-rate-neter (Huclear-Chicago
Corp., Model DS-101 and Model 1620BS respectively). Ths count rate is con- :
tinuously recorded on a 1 milliamp strip chart recorder (Esterline-Angus Model
FNo. A. W.) toaccnmte]qohtadnthatimmcrumtfor&erasugnotthemds
of the plummet. i o h

The heater encased actoclave 13 mounted on a pivat. It can thus he b
invertedtoauawthcphmettofaubankmdforthfernpeatedcol]m
of velocity data,

Density 1s measured with the sams anit, except that the autoelave is
turned 90° into a horizonval position. The source, detector and gapma ray beam
are thus lined-up axislly with the liquid column. Liquid density ia measured
by gamma ray absorption. Doing so through the length of the column optimizes
the sensitivity of the measured absorption to liquid denadity. z

Por the density measurements, the count-rate-meter and recorder are hY
replaced by a gamma radiation analyzer and scaler (Buclear-Chicago Corp. Modal
To. 15810 and Model Ho. 181 respectively). Radiation pulses or counts from the
scintillation counter are discriminated by the analyzer which 1s set to select
only those counts due to the primary 0.66 mev gemma rays from the césium-137.
This eliminates background scattered radiation from the counting. Otherwvise,
the count rate due to scatier so overvhelms small differences in primary ray
sbsorption that small differemces in liquid demsity cannot be discerned ac-
curately. Discrimination thus enhances the accuracy of the method for measuring
density by at least an order of magnitude, Discrimination is, of course, not
possible viih the less expensive Gelger Tube couuters, making the scintﬂla:d.an
counter necessary here,

Calibration

Empirical calibrations are used for both the viscosity and density
measurements.,

) Same typlcal responses obtained on the counting recorder vhen cali-
brating the viscemeter are showvn in Flgure 2. Note the well-marked deflections
vhen the bottom and top of the plummet pass through the gamma ray beam. Meagurew
ment of time between deflections is quite accurate, to three significant figures.
From these primary data, an. empirical calibration of viscosity against observed
‘falling time (velocity can be used if one chooses) is obtained as shown in Figure
3. An excellent straight line relationship is cbtained on a logarithmic plot,
confirming that terminal velocity of the plummet is being observed in the vis-
cometer. This is predicted by fundamental viscosity relationships for terminal
velocities of falling bodies, The five points plotted im this calibration vere
obtained by using trichloroethane, benzene, water and two HBS standard viscosity
oils at 25°C. Similarly calibrating two more plummets with larger clearances .
yields a useful measurement range of 0.4 to 20,000 cp for this viscometer.
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Both in the calibrations and measurements with the viscometer, the
bouyancy effects on the plummet by liquids of different densitlies are core

rected for by

ar
: -100

AT = corrected falling time

vhere

Ai‘o = observed falling time
/f = density of steel (plummet)
ﬁ = density of liquid studied.

This equation refers all bouyancies to that of water at a density of 1.00, an
arbitrarily chosen reference. Any other would serve as well, The equation
derives from the first order approximation that the falling time 1s proportiom
to bouyancy. If the density of the liquld in the viscometer is not much dif-
ferent than 1, then the correction is negligible.

As a densitometer, the apparatus was empirically calibrated by ale
ternatively filling it with materials of known demsity, namely, air, benzens,
vater, trichloroethane and carbon tetrachloride and observing the gamme ray
trensmission. The transmission, T, is arbitrarily defined as T = C/Cq vhere
C is the counts per minute observed for the discriminated gamma beam after
passing through the filled autoclave and Cq is the count rate obtained from
a small reference radiation source attached to the scintiilation counter in
fixed geometry that can always be duplicated. T is thus put on a common basis
vhich eliminates effects of lnstrumental semnsitivity drifts during an extended
study. As expected, an almost straight line relationship is cbtained for the
logarithm of transmission versus demsity as shown in Figure 4, Perfect
linearity is not expected becsuse of absorption in the autoclave walls and
heater. The plummet may remain during densitometer calibration and use.

Results

Some exemplary data are given in Figure 5, on the temperature dew
pendence of viscosity of high molecular weight olls obtained by partial
hydrogenation of coal. The plots approximate the rough empirical law for
liquid viscosity dependence on temperature, i.e., log )Z =4 B

T , vwhere

A and B are constants. Strict linearity isn't expected for mixtures of com~
pounds as here studied. These results serve here only to illustrate the type
of dets that can be cobtained with this viscometer; data that are difficult

to obtain otherwise, 0Oils A end B differ in boiling range. Im practice, the
é¢ata were used to determine throughput rates in reactors containing solid
catalysts at up to 450°C. :

A correlation study of the effects of temperature and p-fe sure on
the viscosities of liquids and vapors was made by Smith and Brown

the correlation is based on low molecular weight hydrocarbens up to he.mne,

& rough compariaon may be made with the present data. The correlation is a

plot of )7 VM vs. reduced pressure (P/P critical) with a reduced temperature



(T/T critical) isotherms. If assumptions are made for a critical pressure of
80 atm, critical temperature of 600°C and an average molecular veight (M) of
144, the correlation predicts a viscosity of 0.3 cp at 340°C and 5500 peig
for oil B. The measured value for these conditions is 0.2 ¢p, & fair com- -
parison in view of the extensive extrapolation of the correlation and rough
assunptions made for the critical parameters and molecular veight..

The accuracy of density measurements at high temperatures vas tested.
with the pure compound tetralin. The points shown on the graph in Flgure 6
nnmeasmedexperimmllybygamamabsarpﬂmmm&nsitmﬁ
The curve drawn on the graph was calculated from established equatiomns
this particular compound. The agreement is excellent, lending confidence 1):‘
density measurements on nev materials. Densities of various coal. oils have
been measured from ambient temperature up to 450°C end pressures up o 5500
psig. All show a slow linear decrease of density with temperature of about
1.25 x 103 gn/cc per °C in this themmal range.

In conclusion, it has been demonstrated that satisfactory demsity

and viscosity data can be obtained vith this gamma ray apparatus, at quite
drastic physical conditioms.

Bihliography _
(1) Smith, A. S., and Brown, G. G., Ind. Eng. Chem., 35, TO5-711 (Lg9k3).

(2} Reid, R. C., and Sherwood, T. K., Properties of Gases and Liquids,
McGraw-gill, 1958.
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A Ceneral Method for the Synthesis of Perdeuterated Hydrocarbons.
The Syntheses of n-Octane-djg and 2,2,4-Trimethylpentane-djg.

Joseph A. Dixon and J. William Marr

Department of Chemistry, The Pennsylvania State University,
University Park, Pernsylvania

Introduction

As part of a contimuing study of the relationship of physical properties to
hydrocarbon structure, the changes in the prcperties when deuterium is substituted
for hydrogen in hydrocarbons have been under_ scrutiny in this laboratory. Earlier,
Benzene-dg and cyclohexane-dp were prepa.redl and the properties determined.2s3,4
The results were sufficliently interesting that the syntheses of a perdeuterated
normal para.ffin and a perdeuterated branched-chain paraffin hydrocarbon were under—
taken,

Although the literature5s87,8 records the preparation of a number of'per-

"deuterated hydrocarbons, none of the procedures appeared to be satisfactory for

the synthesis of molar quantities of perdeuterated aliphatic hydrocarbons in the
Cg to Ci2 molecula.r welght range. The reported syntheses may be divided into two
broad classes: -

(l) syntheses starting from available chemical intermediates and uti]izing
classical chemical reactions to construct the desired perdeuterated
molecule. An example of this procedure is the synthesis of spiro-
pentane-dg starting from calcium carbide by House, Lord and Rao.9

(2) syntheses starting from a hydrocarbon possessing the same carbon
skeleton as that desired in the final product and involving exchange
of the hydrogens of the hydrocarbon with the deuterium atoms in a
deuterium-containing molecule, eo.g., D20, D2804. The synthesis of
benzene-dg by Ingold and coworkersl 16 is a classical example of this
approach.’

Group (1) syntheses suffer from the fundamental disadvantage that each
hydrocarbon structural-type requires a different synthetic route. Further, as
the carbon skeleton of the molecule becomes more complex, the number of synthetic
steps frequently increases rapidly. Since group (2) routes do not have these
disadvantages, the present effort was confined to developing a procedure of this
type but avoiding the problems noted below.

The exchange of deuterium between deuterosulfuric acid and aromatic hydro-
carbons proceeds readlly at temperatures where no skeletal changes or other side
reactions occur to any significant extent. Unfortunately, with aliphatic hydro-
carbons, Setkina and coworkersll have found that under mild conditions only the
tertiary hydrogens are exchanged. Under forcing conditions the expected carbonium
ion rearrangements accompany the exchange.l? Similarly, Dixon and Schiesslerl3



found that the vapor phase exchange between deuterium oxide and hydrocarbons is
attended by significant cracking and/or iscmerization.

In contrast, Burwell and coworkersl4»15,16,17 in their classical study of
the mechanism of hydrogen exchange observed that the exchange of deuterium gas
with aliphatic hydrocarbons proceeded rapidly in the vapor phase over metal cata-
lysts and was accompanied by little or no.carbon skeletal rearrangements. This
procedure suffers only from the disadvantage that for the synthesis of molar
quantities of a Cg to Ciy paraffin hydrocarbon extremsly large volumes (of the
order of thousands of liters at STP) of deuterium must be used. Since our
laboratory, like many others, lacks the facilities for the safe handling and com
pression of large amounts of hydrogen, a scheme involving the direct deuterium~
hydrocarbon exchange but avoiding the handling of large amounts of deuterium was
developed.

The Apparatus

Figure 1 is a flow diagram of the apparatus. A camplete description of the
apparatus and full experimental details may be found in reference 18.

The principal operations occurring in the system are:

(1) Hydrogen—deuterium gas is continuously circulated through the entire
apparatus.

(2) In the "deuterator® section this gas mixed with hydrocarbon vapor passes
over a pelleted nickel on kieselguhrl catalyst. A statistical distribu-
tion of deuterium and hydrogen atoms between the gas and the hydrocarbon
results, e.g.,

Dy + Cghjg & CgHioD + HD

The partially deuterated hydrocarbon is then separated by condensation -
and the hydrogen—-deuterium gas passes to the "regenerator' section.

(3) Here, the hydrogen-deuterium gas mixed with superheated deuterium oxide
vapor is passed over the nickel on ldeselguhr catalyst. The gas is re-
enriched in deuterium from the heavy water

HD + D0 &3 HO + Dy
and as the gases leave the "regenerator™ the water is separated by

condensation while the hydrogen-deuterium gas returms to the .

Pdeuterator® section. The hydrogen-water equilibrium constant can be
expressed as:20 .

= 928  _
log K = pZEo5 - 0,1320

53201 [1g]
[H20] [Dg]

where

36,
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K is 1.980 at 200° and decreases as the temperature increases.  Therefore,
the regenerator was maintained at 3000 C.

By this technique, the advantages of both the deuterim—hydmcarbon and
deuterium oxide-hydrocarbon exchange processes are realized without the disadvantages
of either. Although the hydrocarbon was in contact with approximately 1000 liters
of deuterium gas during each twenty-four hour period of operation, there were only
12.liters of gas in the apparatus at any glven time,

The apparatus was all glass except for the circulation pump which consisted of
two counteracting sylphon bellows. Neither the deuterium axide nor the hydrocarbon
came in contact with the pump,

Since the maximum transfer of deuterium from heavy water to hydrocarbon is
obtained by passing the hydrocarbon through the deuterator only once per charge of
heavy water to the boiler, the following procedure was used. Hydrocarbon was fed
slowly from reservoir A, Figure 1, into the incoming deuterium stream. At the
entrance to the catalyst chamber the hydrocarbon was vaporized and the mixture of
gases passed over the catalyst. On leaving the catalyst the hydrocarbon was
. separated from the hydrogen by condensation and stored in reservoir C. In comtrast,
the heavy water was continuously vaporized in the boiler, J, passed over the cata-
lyst in the regenerator, condensed, returned to the boiler, revaporized and so en.
When all of the hydrocarbon charge had passed from reservoir A to reservoir C, it
was returned to A and a fresh charge of heavy water placed in the boller, dJ.

With this procedure the variables which determine the amount of deuterium
transferred from the water to the hydrocarbon per charge of heavy water are:

(1) rate of throughput of the hydrocarbon
(2) deuterium content of the entering hydrocarbon
(3) moles of hydrocarbon passed per cycle

" (4) rate of hydrogen—deuterium gas flow
(5) rate of heavy water flow through the regenerator
(6) moles of water in:the boiler
(7) deuterium content of the water.

Since the temperature and the rates of throughput of hydrocarbon, hydrogen-
deuterium gas and water vapor can be so adjusted that the H-D exchange equilibria
are continuously maintained in the deuterator and regenerator catalyst chambers,
it is possible to express the rate of decrease of the deuterium concentration of
the water with time as a function of the variables listed above.l8 The differen-
tial equation was integrated to yleld:

. ln(E*g] [ngs‘t.ar*]

where

b= t:.me for passage of the complete hydrocarbon charge through the
deuterator (time of one f'cycle™)
= a constant .

[Hq = concentration of deuterium in the hydrocarbon (expressed as the
fraction of the H + D atoms that were D) at the beginning of the
cycle

EJzostm] 'z concentration of deuterium in the water at the start (ex-

 pressed as the fraction of the H + D atoms that were D)

[Dzoen&:] = concentration of deuterium atoms in the water at the comple—
ticn ofj' the cycle (expressed as the fraction.of the H + D atoms that
were D



The last quantity is the only unknmown and once it is calculated from the equa-
tion the number of deuterium atoms transferred fram the water to the hydrocarbon.can
be obtained easily. Thus, the mmber of equilibrations (or cycles) to obtain any
given amount of a hydrocarbon of a given deuterium content may be predicted.

n-Octane-djg

Using the nickel on kieselguhr catalyst and a deuterator temperature of 115+
1309, approximately 100 g. of n-octane-djg were synthesized from Phillips Research
Grade n-octane. The hydrocarbon was cycled over the catalyst nine times, a fresh
charge of heavy water being used for each cycle. The final deuterccarbon was frac-
tionally distilled (14 fractions) and the fractions analyzed by vapor phase chroma-
tography. As shown in Table I, the flrst fraction contained essentially.all the
products of cracking and isomerization. This was expected since any product which
resulted from cracking or iscmerization of n-octane would be lower boiling.

Table I
Impurity Concemtrations in n-Octane-d;g

Concentration of Impurity Concentration in the

- in the Fraction - "Crude™ Product
Praction (£ by weight) (% by weight)
1 10 : 0.2
2 - 0.2 0,01
3-13 not detectable o £ 0.001L
: <0,02

Total ~0.2

The isctopic concentrations in fractions 3-13, as obtained by density deter-
mination, were 99.1% D, 0.9% H.

2,2,4-Trimethylpentane—dig

"An attempt was made to synthesize 2,2,4i~trimethylpentane-djg by the precedure
used for the synthesis of n-octane-djg. With the same rate of hydrocarbon feed to
the catalyst, the product from the first cycle had approximately 30% of the expected
deutsrium content. Two more cycles through the apparatus did not appreciably
increase the deuterium content of the hydrocarbon.

The_lack of equilibration was due probably te the phenomenon described by
Burwell,lh,15 i.e., that complete equilibration between deuterium and a hydrocarben
molecule on a catalyst surface will not take place past a guarternary carbon atom.
The quarternary carbon atom in 2,2,4-trimethylpentane has attached to it a 2-methyl-
propyl group and three methyl groups. Should the 2-methylpropyl group be chemi-
sorbed on the catalyst surface one-half of the hydrogen atoms in the hydrocarbon
molecule will equilibrate with deuterium and the deuterium content will be half
that produced by an equivalent chemisorption of n-octane and deuterium, However,

. chemisorption of the hydrocarbon molecule via a methyl group (the probability of
this event is 0.5, on the basis of the hydrogen atoms accessible to the catalyst)
will yield a deuterjum content one-eighteenth that produced by the equivalent
chemi sorption of n-octane and deuterium.

An attempt was made to produce equilibratien by raising the temperature of the
catalyst chamber. Not only would complete equilibration be favored by more frequent
adsorption—desorption of the hydrocarbon on the catalyst surface, but the tempera-
ture increase would also increase the probability of a methylene type adsorption

38.



suggested by both Burwell” and Kemball.?l Such ad.sorption would by its nature in-
crease the deuterium content of the molecule,

Equilibrium between deuterium and the hydrocarbon was approached rapidly in
the 181-195° range but was accampanied by extensive cracking and isomerization.
A temperature of 154~164° was used as a compromise between a rapid reaction with
extensive production of impurities and a very slow reaction without.

The apparent Mequilibrium constamt™ of the reaction between deuterium gas and
2,2,,-trimethylpentane in the deuterator at thias temperature was 0.3, whereas the
equivalent value for n-octane was 2. These values were obtained by analysis of
the products from the deuterator and depended, in the case of 2,2,4~trimethyl-
pentane, on the residence time on the catalyst.

Table IT
Impurity Concentrations in 2,2,4-Trimethylpentane-d;g

Concentration of Impurity

in the Fraction Concentration in the
. (% by weight) ' nCrude™ Product
Fraction. Cracikdng Isomerization (% by weight)
A 55 < 0,02 1.2
A 10 <0.02 . 0.28
1.6 <0,02 0.074
4 .l < 0,02 : 0.0082
'5-9 <0,02 £0,02 <£0,02
10 <0.02 0.2 0.017
1 <0.02 3.2 0.024
residue <0.02 53 : 0,11

Total ~1.8

Three isomer impurity peaks were obtained in the vapor phase chromatogram.
As the retention times of two of the pairs of octane isomers are almost identical,
these three peaks could-be due to five isomers, The total concentratiom of all
isomers in the original deuterated product is believed to be less than 0.2% as
based on chromatographic results on the fractionated material. The major impurity
is probably a deuterated 2,4-dimethylhexane or 2,5-dimethylhexane. Two other
isomers, formed in concentrations approximately’ one-tenth those of the major
impurity, were 2,2-dimethylhexane and either 3,3-dimethylhexane and/or 2,2,3-
trmethylpentaneo

Distillation fractions 5-9 had no isomerization and craclkdng impurities
detectable by vapor phase chromatography and were taken as high-purity deuterated
2,2,4~trimethylpentane. The vapor phase chromatography results indicate that the
carbon skeleton of this material is more than 99.9% 2,2,4-trimethylpentane. As
determined by density measurements, the isotopic purity of the final product is
97.4% D.

In conclusion, it should be emphasized that the problem of extremely slow
! "~ equilibration observed with 2,2,4-trimethylpentane is probably confined to molecules
) possessing quarternary carbon atoms. It is expected that all other types of ali-
phatic hydrocarbons will behave in a fashion very similar to that of n-octane.
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EFFECT OF NUCLEAR IRRADTATION
ON THE ACTIVITY OF
JRON METHANATION CATALYSTS

H. L. Peldkirchner and D. V. Kniebes

Institute of Gas Technology
Chicago 16, Illinois

INTRODUCTION

As part of a program to determine the place of nuclear ener-
gy and related technology in the utility gas industry, reports
were prepared for the Gas Operations Research Comnmittee of the
American Gas Association by the Vitro Corporation of America and
Arthur D. thtle, Inc., on the feasibility of specific nuclear
applications.® The Little report,® "Effects of Radiant Energy
on the Synthesis of Gaseous Fuels,' suggested three subjects for
experimental study: 1) irradiation of catalysts prior to use,
with the objective of enhancing their activity for desirable
reactions by producing crystal disorders and/or inducing radio-
_activity, 2) irradiation of catalysts during use to attain ob-
jectives similar to 1 above, and to possibly effect beneficial
radiochemical reactions, and 3) use of high-frequency discharges
or other radiation to produce gas-phase reactions in the absence
of catalysts.

A specific study based on the first of these suggestions was
initiated at the Institute of Gas Technology in January 1958 to
investigate the effects of nuclear irradiation on the activity
and selectivity of iron methanation catalysts.

Bombardment of solid materials by nuclear radlation is known
to produce a number of physical changes commonly called "“defects"
A descrlption of the nature of these defects has been given by
Dienes,® Harwood,® and others. Gamma rays, when losing their
energy by absorptlon in a solid, produce primarily three effects:
the photoelectric effect, the Compton effect, and positron-electron
pair production. - In addition, gamma radiation has been observed
to produce displaced atoms in solids, but this effect is very
small. Heavier particles, such as neutrons, inflict more serious
damage to a solid. .Neutron bombardment may result in crystal
lattice defects, neutron capture,.ejection of a charged particle,
or nuclear fission. Several types of lattice defects may be
produced which include vacancies, interstitial atoms, and im-
purity atoms. Other effects observed are replacement collisions,
thermal splkes, and displacement spikes. Fission of an atomic
nucleus or neutron capture, which result from impact with neutrons,
produce 1sotopes or new elements.
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A1l of the radiation effects described are similar in that
they affect the electronic configuration in solids. Although
much work has been done to relate the electronic structure of
solids to their catalytic behavior,®most work has been concerned

. with electronic effects related to factors other than those due

to nuclear irradiation. Only a few investigators have studied
the effects of nuclear irradiation, primarily X-ray and gamma-ray,
on catalyst behavior. Depending on the catalytic system investi-
gated, nuclear irradiation has been observed to result in an in-
crease in activity in some cases, and a decrease in others.

The work of Clarke and Gibson! with the Fischer-Tropsch
reaction is of special interest in relation to the present
methanation study. They. observed significant increases in the
activity of iron mill scale catalysts which had been treated be-
fore reduction with 1 to 5 x 107 roentgens of gamma radiation.
The 1ncreased activity persisted for the durations of their tests,.
which ranged from 48 to 300 hours. A considerable effect of
particle size was established, with increases in. activity varying
from nil with %¥00- to 600-micron particles, to 40 to 60 percent
with 0.2- to 5-micron particles. These investigastors also report
that no change in catalyst activity was obtained in a test with
a Eeutr?n-irradiated catalyst of large particle size (1.2 to
2.4 mm.) . :

An extensive A.G.A.-sponsored study of the methanation
process has been underway at the Institute for some time, in
which a highly active Raney nickel catalyst has been brought to
advanced stages of development.*’® Several types of iron cata-
lysts had been studied earlier, but their use in the development
of the methanation process was abandoned, since it was not possi-
ble -to overcome the tendency of these catalysts to cause high -
rates of carbon-formation at the severe operating conditions
favoring methane production.'® Results similar to those obtained
at the Institute with iron methanation catalysts have also been
obtained by other investigators, principally the U.S. Bureau of
Mines? and the British Gas Research Bcard.?®

- The favorable results obtained by Clarke and Gibson indi-
cated that improvement in iron catalyst properties may be feasi-
ble by use of a suitable irradiation procedure. If sufficient
activity for methane production in the absence of carbon deposition
and higher hydrocarbon formation could be achieved by such treat-
ment, advantage could then be taken of the high sulfur resistance
and low cost of iron catalysts. This might make these catalysts
attractive alternates to the presently used nickel catalyst.

Cobalt catalysts, which have many properties similar to those of
iron catalysts, might also benefit from irradiation.

EQUIPMENT AND PROCEDURES

Three types of iron catalyst were used in this study. A
skeletal iron catalyst was prepared by partial caustic leaching
of a crushed, 50% aluminum-50% iron Raney alloy. A catalytically
active reduced iron surface was prepared on National Controlled
"7" chilled iron shot obtained from the National Metal Abrasives
Company. Commercial ammonia synthesis catalyst, sold under the
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designation of Aero Catalyst FM-2 by the American Cyanamid Company,
was also used.

Gamma irradiation of catalysts was done in the High Level
Irradiation Facility of Argonne National Laboratory. Total dosage
for each batch was 10® roentgens at an intensity of approximately
10* roentgens per minute. Both irradiated and unirradiated Raney
- iron catalysts were stored at O0°F. to minimize annealing. Other
catalysts were stored at room temperature. The maximum time
elapsed between irradiation and use did not exceed one week for
the catalysts stored at room temperature, and was less than one
month for the refrigerated samples.

The CP-5 Nuclear Reactor at Argonne National Laboratory was.
utilized for the neutron irradiations. Total dosage for each
sample was approximately 10'® neutrons per sq. cm. at a neutron
flux of about 2 x 101® neutrons per sq. cm.-sec. Irradiated
samples were stored before use at room temperature for approxi-
mately one month, to allow the level of induced radiocactivity to
decay to a safe value. . :

¢

Catalyst Testing Apparatus

Both fluild- and fixed-bed reactors were used. Initial tests
vere made with fluid-bed units, but .the reproducibility obtained
with this equipment was not sufficient to permit accurate meas-
urement of changes-in catalyst activity caused by gamma irradia-
tion. A fixed-bed reactor was therefore constructed and used
for all subsequent tests. Flow dlagrams of both types of reactors
are shown in Figure 1.

- Fluid-Bed Unit. - The fluid-bed unit, as shown on the left in-
Figure 1, was constructed in duplicate, except for the purifica-
tion section, to permlt simultaneous testing of unirradiated and
irradiated catalysts. Each reactor consisted of an 18-in. high
pyrex catalyst section, 30 mm. 0.D. by 26.4% mm. I.D., surmounted
by a 103-mm. O.D. by 15-in. high catalyst separation zone. A
6-1n. long by 25-mm. 0.D. section below the catalyst section,
packed with >-mm. O0.D. pyrex tubing, served as an inlet gas pre-
heater. A porous glass disk separated the preheat and catalyst
sections, and acted as a catalyst bed support and a feed gas
distributor. Product gas was withdrawn through an 8-in. long,
tubular, porous glass filter which retained the catalyst fines.
The reactor and preheat section were completely enclosed in a
single Hevi Duty electric furnace. Temperatures were measured
with five 20-ga. chromel-alumel thermocouples inserted in a -
10-mm. O.D. thermowell axlally located in the reactor. Power to
the electric furnace was controlled manually.

) Synthesls gas and purge nitrogen were fed from high-pressure
cylinders through activated carbon to remove sulfur compounds.
Dry test meters were used for metering of feed gases, and wet
test meters for the product gases. .

Fixed-Bed Unit. The fixed-bed unit was essentially the
same as the fluid-bed, except for the reactor itself, shown at
the right in Figure 1. The reactor consisted of a 16-3/4 in.
long, 1-1/2 in. IPS, Schedule 80, stainless steel pipe press-
fitted into a 12-in. long by 5-in. 0.D. aluminum bronze block.
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The block was spirally wrapped with resiétance heating wires. A

© 3/8-in. 0.D.,20-ga. stainless steel thermowell was mounted

axially in the reactor and extended its full length. Feed gases
entered at the top of the reactor and flowed downward through
the catalyst bed.” The bed was confined between two 24-mesh

type 304 stalnless steel screens. The space above the catalyst
bed was packed with reagent grade copper shot to facilitate inlet
gas8 preheating. The lower part of the reactor was packed with
—18, + 20 mesh size, refined glass beads lnstead of copper shot
to minimize heat losses. The bottom of the reactor was flanged
to facllitate catalyst charging.

When radioactive catalysts were tested, a thin stainless
steel liner was used to prevent reactor contamination. The liner,
which was 16 in. long, 1.375 in. 0.D. and 1.278 in. I.D., was
closed at the bottom by a perforated stainless steel plate, and
wvas held in the reactor by means of a'.l-in. long threaded section
at its top. ’

Test Procedures. Synthesls gas consisting of hydrogen and
carbon monoxide in a 3:1 mole ratlo was purchased in high-pressure
cylinders. Electrolytic grade hydrogen was blended with this
mixture for tests in which higher Hz/CO ratios were used for the
feed. Feed and product gas compositions were determined by mass
spectrometer. .

With all of the catalysts studied, some preliminary treatment
was required after the catalyst sample was placed in the reactor
and before the methanation test was started. The Raney catalysts
were reduced in the catalyst-preparation procedure and transferred
to the reactor under methanol. The bed was then heated and a
stream of nitrogen was passed through 1t, to thoroughly dry the

. catalyst prior to the methanation test. Iron shot and ammonia

synthesis catalysts wene charged to the reactor in the oxldized
state and were reduced with hydrogen prior to the methanation
tests. ’ ’ :
There was little difference in test procedure between the
fluid- and fixed-bed units except for the size of catalyst sam-
ples, and gas flow rates. In the fluld-bed reactor, the catalyst
‘charge was approximately 100 c.c.,occupying about 11 in. of the
reactor height when fluidized. A 1-1/8B-in. deep bed, with a
volume of 30 c.c., was used in the fixed-bed reactor tests on
gamma-irradiated Raney and ammonia synthesis catalysts. In tests
of neutron-irradiated ammonla synthesis catalyst, where the
reactor liner was used, the depth of the 30 c.c. sample was
1-9/16 in. A 100 c.c., 3-3/4 in. deep, bed was required for the

' tests with iron shot because of its low activity.

DISCUSSION -

Operating conditions for evaluation of the relative methana-
tion actlvity of irradiated and unirradiated iron catalyst samples
were 1limited to a narrow range because 1) iron catalysts have a

“lower activity for the methanatlon reaction than nickel catalysts,

2) methane formation 1s greatly exceeded b higher hydrocarbon
formation at the lower temperatures, and 3) methane formation is
accompenied by considerable carbon formation at the higher
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temperatures. Carbon deposition was most detrimental in these
tests, since rapid buildup of carbon on the catalyst surface made
detection of changes in catalyst performance resulting from other
causes, such as irradiation, exceedingly difficult. Under some
conditions, carbon deposition was so severe that the catalyst bed. .
was almost completely blocked to gas flow. It was determined
experimentally to be impractical,for this reason, to feed synthesis
. gas having a hydrogen to carbon monoxide ratio of less than 6:1 .
to the fixed-bed reactor, or less than 9:1 to the fluid-bed —
reactor. The resulting product gases consequently contained v
large concentrations of excess hydrogen, which 1s undesirable in
the methanation process, but should not affect the validity of
the activity tests. Although other investigators have shown that ‘
steam dilution can be used effectively to control.carbon deposi-
tion, steam feed was not practical in these tests because of
possible reduction of the already low carbon monoxide content by
the water-gas shift reaction. : :
Since increases in catalyst temperature will 'l) increase . f
carbon deposition, 2) increase the rate of methane formation, and
3) decrease the equilibrium methane concentration in the product
‘gas, the selection of a suitable temperature level. was of major
importance. Reactor temperatures (and thus catalyst activities)
were kept as low as possible within the limits of accurate gas
flow and gas composition measurements. The fluld-bed reactor
was particularly inflexible in this respect, since gas velocity .
had to be maintained within narrow limits to keep the catalyst
fluidized. Therefore, low catalyst activity could not be inde- -
pendently compensated by a low synthesis gas space veloclty to -
obtaln a specific degree of carbon monoxide conversian.

Effects of Gamme Irradiation

To determine the effect of prior gamma irradiation of the v
catalyst on the conversion of carbon monoxide to methane, condi-
tions of synthesis gas space velocity and catalyst bed temperaturs
were selected for each type of catalyst tested so that the result- .
Ing product gas composition was considerably removed from the
equilibrium value. Sets of comparison tests were made with
irradiated and control .samples from the same catalyst batch at 1
equal operating conditions. Differences in catalyst activity
were noted by comparison of the methane-equivalent space-time .
yields (the rate of production per unit volume of catalyst of the
total gaseous hydrocarbons times their average carbon number)
from each set of tests.
‘Results of three runs made with Raney iron catalyst in the
fluid-bed methanatlion unit are given in Table 1. In these tests
a space velocity of approximately 1000 SCF (standard cubic foot
of gas at 60°F., 30 1in. Hg, saturated with water vapor) per cubic
foot of catalyst per hour was employed, with a 9.5-9.7:1.0 Hz/CO
ratio synthesis gas. The reactor temperature was maintained at
500°F. “Under these conditlons, carbon recovery as gaseous
products varied between 72 and 93 wt. %, corresponding to carbon
deposition on the catalyst between 7 and 17 wt. % of the carbon fed.
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Table 1.-FLUID-BED REACTOR TESTS
WITH RANEY IRON CATALYST (75% ALUMINUM CONVERSION)

Run No. : 12A 13 12B

Reactor No. ' 1 2 2

Catalyst No. 6A 6A 6B

Catalyst Treatment Control Control Irradiated
Carbon Recovery, wt. % 83 85 93

Methane /Higher

Hydrocarbon Mole Ratilo 2.0 2.1 2.2

Methane Equivalent Space-Time -
Yield, SCF/cu. ft. cat.-hr. 32 19 _ 64

The results of these tests, which were made with samples
from the same catalyst batch, indicate that the gamma-irradiated
catalyst produced more than twice as much methane equivalent per
unit of catalyst and time as the unirradiated catalyst. However,
no firm conclusions could be justifiled regarding the actual degree
of catalyst improvement, because of the limited reproducibllity
of results from the fluid-bed reactor. The poor reproducibllity
was attributed to the large number of operating variables (not
necessarily related to intrinsic catalyst activity) which could
not be controlled within sufficlently narrow limits. Control of
temperature gradients in the bed was especlally difficult.

To minimize the effect of extraneous variables in the meth-
anation test procedure, further comparisons between irradlated
and unirradiated catalyst were made in the fixed-bed reactor.

In addition to better control of process varlables with the
fixed-bed unit, the elimination of fluidization requirements made
possible the selection of catalyst particle size, sample size,
bed temperature, and space velocity to give the desired degree

of conversion with catalysts having widely different activities,
without alteration of the reactor or feed and product gas trains.

The. results of three runs made with Raney iron catalyst in
the fixed-bed reactor are given 1n Table 2. This catalyst
differed from that used 1n the fluid-bed tests 1in particle size
range, and in that only 30% of the aluminum was reacted during
catalyst actlvation, as compared with 75% with the fluid-bed
catalysts. :

Table 2.-FIXED-BED REACTOR TESTS
WITH RANEY IRON CATALYST (30% ALUMINUM CONVERSION)

Run No. 19 16 24
Catalyst No. 13K 138 15
Catalyst Treatment Control Irradiated Alloy

. o Irradiated

" Carbon Recovery, wt. % 86 88 88
Methane/Higher

Hydrocarbon Mole Ratlo o 5.2 4.6 3.2
Methane Equivalent Space-Time '

Yield, SCF/cu. ft. cat.-hr. 41 46 39



‘Runs 16 and 19 were made with irradiated and uvnirradiated.
samples, respectively. Run 24 was made with a catalyst prepared
from Raney alloy which had been irradiated prior to catalyst
activation, in contrast to irradiation of the activated catalyst
in each of the other Raney catalyst tests. A feed gas space
velocity of approximately 2000 SCF/cu. ft. catalyst-hr of
-6.4-6.9:1.0 H2/CO synthesis gas was employed, with a catalyst bed
temperature of 700°F. Carbon recovery as gaseous products ranged
between 86 and 88 wt. % at these conditions. Comparing the re-
sults from Runs 16 and 24 with those from Run 19, it can be seen
that the methane-equivalent space-time yield was about 12% higher
with the 1rradiated catalyst, whereas it was about 5% lower when .
the Raney alloy was irradlated prior to catalyst activation.
These variations in catalyst activity are relatively small, and
aprroach in magnitude the reproducibillity of the test. However,

the increase in the activity of the irradiated Raney iron catalyst

was consistent with the results obtalned earlier in fluid-bed
operation.

Two runs were made with iron shot catalyst. However, the
level of activity of this catalyst was so low, and concentrations
of hydrocarbons in the product gas were so small, that no signif-
icance could be placed on the comparative data from these runs. -

The only commercial catalyst employed in this study was the
ammonla synthesis catalyst, which had a level of activity com-
parable with that of Raney iron. " Test conditions were the same -
as those for the fixed-bed tests with Raney iron, except that the
catalyst bed temperature was maintained at 500°F. As shown in

"Table 3, an increase of approximately 10% in methane-equivalent
space-time yleld was observed with the gamma-irradiated sample;
this is similar to the increase found wlth Raney iron.

No evidence was found to indicate that the synthesis reaction
mechanism was significantly affected by prior gamma irradiation
of the catalyst. Carbon deposition and distribution of products
between methane and higher molecular weight hydrocarbons did not
vary in any systematic manner which could be attributed to cata-
lyst irradiation. All of the tests were of short duration, so
it could not be determined whether the 1initial effects observed
would persist with longer use of the catalyst.

Since the results were obtained with catalysts which had been
irradiated at.least one day prior to test, they are not indicative
of the pogsible effect of irradiation immediately prior to or

Table 3.-FIXED~-BED REACTOR TESTS
WITH AMMONIA SYNTHESIS CATALYST

Run No. 25 26
Catalyst No. 22 23
Catalyst Treatment Control Irradiated
Carbon Recovery, wt. % 86 87
Methane/Higher '

Hydrocarbon Mole Ratio 0.5 0.4

Methane Equivalent Space-Time . .
"Yield, SCF/cu. ft. cat.-hr. 39 4%
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during the methanation reaction, where short-lived effects might
be significant.

The residusl effects of high-intensity gamma radiation on
80lids are limited to lonization and possibly slight crystal
lattice defect production. X-ray diffraction examination of an

© 1rradiated sample of Raney iron catalyst failled to disclose any

evidence of crystal lattice deformation by the radlation dosage
of 10° roentgens employed in this study. This does not mean that
defects were not produced during the gamma treatment, but that
any .physical effects on the crystal were too small or too short-
lived to be detected by subsequent X-ray diffraction analysis.

Effects of Neutron Irradiation

Four comparative tests with samples of ammonia synthesls
catalyst were made to determine the effect of thermal neutron
irradiation on catalyst activity. A summary of the results of
these tests is given in Table 4.

Runs 27 and 30 were made wilth samples of untreated ammonla
synthesis catalyst; Runs 28 and 29,with irradiated samples. The
run conditions employed were the same as those used 1n compara-
tive tests of gamma-irradiated ammonia synthesis catalysts:

2000 SCF/cu. ft. catalyst-hr feed gas space velocity, 6:1 hydro-
gen/carbon monoxide feed gas ratio, and 500°F. catalyst bed
temperature. ' ' .

One sample of irradiated catalyst (No. 25, Run 28) showed
an activity that was about 304 higher than the average of the
activities of the two untreated samples. A second sample of
neutron-irradiated catalyst (No. 26, Run 29) showed en activity
substantially the same as that of the unirradiated samples. This
difference in activity between the two samples of irradiated
catalyst cannot be attributed to any apparent differences in test
conditions or method of catalyst reduction. However, in spite of
the close control of experimental procedures, the neutron-irrad-
iated sample showing the high catalytic activity (No. 25) appeared
to undergo a greater degree of reduction during activation; from
the three samples showing similar activity (Nos. 24, 26 and 27),
49.0 to 51.4% of the oxygen content of the iron oxldes was re-
moved, whereas with Sample 25 oxygen removal was 71.0%. Work
reported by Simnad!® showed that the rate of reduction of nickel
oxide by hydrogen at 250°-350°C is increased by a factor of three
when the oxlde has been irradiated with high-energy protons.

Table  4.-FIXED-BED REACTOR TESTS OF THERMAL
NEUTRON-IRRADIATED AMMONIA SYNTHESIS CATALYST

Run No. _ , 27 28 29 30
Catalyst No. 20 25 26 27
Catalyst Treatment : Control Irradiated Control
Carbon Recovery, wt. % 87 79 79 4 80
Methane/Higher '

Hydrocarbon Mole Ratio 0.34 0.4 0.44 0.42

‘Methane Equivalent Space-Time

Yield, SCF/cu. ft. cat.-hr. 29- 36 26 27



Catalysts 25 and 26 were irradiated simultaneously; however,
No. 25 was exposed to a neutron flux of 2.6 x 10%® neutrons/
sq.-cm.-8ec., whereas No. 26 was exposed to a flux of 2.0 x 10*2
neutrons/sq.-cm.-sec. The total dosage for Catalyst 25 was
therefore 30% greater. The half-lives of the radioactive isotopes
of iron present (Fe®® and Fe®®) are 2.94 years and 45:1 days,

respectively, with Fe®° comprising approximately 70% of the total

radiocactive isotopes present. Since only three days elapsed
" between the tests with the treated samples. the differences in
their catalytic activity should not be due simply to a decrease
in radioactivity or to annealing of defects in this period.

The results of these tests indicate that thermal neutron
irradiation of ammonia synthesis catalyst prior to use may have
an effect on its activity. There was no measursble change, how-
ever, in carbon deposition and distribution of products between
methane and higher molecular weight hydrocarbons. :

Since an increase in catalytic activity was observed with
the irradiated sample which had received the higher neutron
dosage, it is possible that higher dosage levels than employed
in these tests might result in substantially increased catalytic
activity. Irradiation by fast neutrons might also increase
activity, since a higher ratio of crystal lattice defects to
induced radiocactivity would be produced. '

CONCLUSIONS

It can be concluded from the experimental results that gamma
irradiation or thermal neutron irradiation prior to use may have
a beneficial effect on the activity of iron methanation catalysts.
The scope of this program was not sufficient, however, to define
the radiation requirements to obtain optimum beneficial effects.
The observed degrees of catalyst improvement resulting from
Irradiation can be considered small from a practical standpoint,
in view of the generally low activity and poor product distribu-
tions obtained with the iron methanation catalysts studied.

The nature of the improvement due to irradiation seemed to
be limited to increased activity with no apparent change in.the
product selectivity (methane/higher hydrocarbon ratio). No
significant decreases in carbon deposition were obtained. Al-
though direct analogy cannot be. drawn, the observed results with
gamma-irradiated catalysts do not appear to differ greatly from
the findings of Clarke and Gibson with iron mill scale catalyst.?

Although this study was limited to tests of short duration,
and to limited ranges of radiation intensity and dosage levels,
the results show that a more detailed fundamental investigation
in this area would be warranted. Further study should include
the testing of other types of methanation catalysts, other cata-.
lyst particle sizes, other forms of nuclear radiation, and other
radiation dosage and intensity levels. :
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The Use of Radioactive Tracers in Studying Functional Groups in Coals
Peter H. Given

Fuel Technology Department, The Pennsylvania State University, University Park, Pa.

In the classical organic chemical method of elucidating the structure of an
unknown substance reactions are carried out with reagents that would be expected to
react only with one kind of functional group or in some other specified way. The
product is purified from excess reagent and by-products, for example by crystalliza-
tion to constant melting point; it is then analysed and characterized by further
specific reactions. Thus if the original substance were a secondary alcohol, it
might be oxidized selectively to a ketone, and the character of this established,
after purification, by conversion to a phenylhydrazone.

In the chemical study of coal it is not easy to find selective reagents.
Different functional groupings in coal often have similar reactivities. Moreover, a
single type of group may exhibit a spread of reactivity owing to 1its occurrence in
the coal in a variety of enviromments; consequently attempts to achieve completeness
of reaction usually incur a loss of selectivity. The only purification of reaction

" products possible, since coal is an imvolatile solid and only partly soluble, 1is

washing with some suitable liguid to remove excess reagent, Inadequate purification
often causes serious difficulties, since in many reactions it has proved impossible
to remove adsorbed or otherwiie strongly held reagent (for examplg, chloromethylation
catalysed by stannic chloride”, dehydrogenation with benzoquinone” and triphenyl-
methyl perchlorate3, reduction with lithium and aliphatic amines™”). Comnsequently
characterization of the product by elementary analysis is made difficult or
impossible; other properties, such as the infra-red spectrum may also be affected.

It is the purpose of this paper to develop and illustrate the thesis tﬁat some
at least of the difficulties outlined above can be obviated by the judicious use of
reagents labelled with radioactive atoms. Neutron activation analysis, in which
tracer atoms are generated in situ by suitable irradiation, might be useful in cogl
research, for example in determining the silicon content of trimethylsilyl ethers ;
however this type of analysis is a special case and will not be discussed further (in
any case it has not yet been applied to coal so far as the author is aware) .

It is difficult to classify in any rational manner possible applications of
tracer techniques to organic chemical studies of coal. Therefore three researches in
which tracers were used will first be described briefly and the advantages of the
technique in these cases will be analysed, Subsequently attention will be drawm to
a number' of other reactions where the techmique would be valuable. It is hoped thus
to show inductively the range of application,

1. (Carbonyl and Hydroxyl Groups -1

The interpretation of the baad at 1600 cm = in the infra-red spectra of coals
as due in part to the presence of carbonyl groups~ has been sharply contested”. But
if it can be shown on other evidence that these groups are present, then the spectra
indicate that they must be strongly conjugated and probably chelated to hydroxyl.
Carbonyl groups of this type either do not react or react abnormally with the usual
reagents7; attempts to determine carbonyl in coal with hydroxylamine® and

RV

*The author is indebted to Dr. P. S. Skell for this suggestion.




pheuylhydrazine9 proved unsatisfactory, Treatment with lithium alumimm hydride
produced no detectable change, probably because the hydroxy groups formed were
re-oxidized very readily during working up of the product,

Given and Peoverlo. therefore used radioactive tracer technique with coal
extracts in what was essentially a reductive acetylation reaction, the reduction being
carried out by electrolysis in dimethylformamide solution. Quinones reduced in this
way yield the dianions of the hydroquinomes, which react rapidly at room temperature
with acetic anhydride to give the hydroquinone diacetates and acetate ions. An
extract acetylated with unlabelled reagent was reduced at a stirred mercury cathode
controlled at a series of .standard potentials against a reference electrode; in this
way the reducing power of the system could be varied at will. The quantity of
electricity passzg was measured with a coulommeter. When the current had fallen
nearly to zero -labelled acetic anhydride was added. The product was isolated,
washed with unlabelled acetic acid and water to remove adsorbed radiocactive acid,
and the disintegration rate counted. Counting was continued until about 10,000 had
been recorded, The count rate was 2000-8000 min, ",

When acetylated but unreduced materials were treated jn DMF with labelled
anhyd:cidi 4t:he count rate of the product was abouti 90 min, . Hence neither adsorp-
tion of “~"C-acetic acid nor ester exchange with ““C-acetyl was significant. A
further confirmation of this was obtained by determining first the hydroxyl contemnt
radiochemically, with the result: 0 as OH = 4{.9%. -The .radioactive product was then
reductively acetylated, again with labelled anhydride. The final count rate gave: -
total O as OH + CO = 9.3%; hence, by difference, O as CO = 4.47., The latter value is
to be compared with the value 4.,0% obtained by direct radiochemical determination as
described above on a separate sample of the same extract. Over 90-957 of the radio-
activity of the various products was removed by hydrolysis with sulfuric acid,
showing that no significant C-acetylation occurred.

Thus the use of tracer techmique provided:

1. wunequivocal proof that fresh hydroxyl groups are produced by reductiom, that
is, that carbomyl groups are present

2. an easy means of checking the absence of a possible side-reaction

3. a simple routine method of studying the variation of carbonyl content with
fraction of coal extracted and rank of coal

4, simple means of following the distributiom of carbonyl groups as a function
of their reduction potentials

5. a check on the selectivity of the reduction.

Points 4 and 5 merit some further comment. A "carbonmyl content" could be calcu-
lated not omly from the “*C-acetyl content but also from the number of coulombs
consumed; both were plotted against the controlled potential (see example in Fig. 1l).
The coulommetric figure was somewhat higher than the radiochemical at potentials up
to about -1 volt (measured against mercury pool in 0,1N tetraethylammonium iodide as
reference electrode). Moreover whereas the radiochemical figure levelled off to an
approximately constant value at potentials in the range -1 to -1.4 volt (varying
with the coal), the coulommetric increased without limit. Hence other groups than
carbonyl were reduced, particularly at higher potentials; these were presumably aro-

_matic nuclei, Also shown in Fig. 1 is an approximate distribution curve for radio-
chemical carbonyl content as a function of reduction potential, f£rom which some
deductions about the nature of the carbonyl groups can be made (see ref. 10 for
details)., 1In conclusion;. it must be admitted that comparison of the infra-red
spectra of the coal extracts and their acetylated and reductively acetylated products
introduced. some uncertainty in the interpretation of the data for carbomyl contents.
Depending on the view one takes of the significance of the spectra, the carbonyl
contents of extracts of bituminous vitrains of carbon content 78-89% are either in the
range 2.2-0.9 or 4.4-1.87% 0 as CO (decreasing with increasing rank). In either case
65-90% of the oxygen was accounted for as OH + CO.
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Since this work was done, it has been showwékhat finely ground whole coais can e
be reduced in suspension in DMF. It would therefore be worth applying the radio-
chemical technique for carbonyl determination to coals; this has not yet been tried.
If the conmventional reductive acetylation technique (refluxing with zine, acetic
acid, etc.) were applied to acetylated coal using labelled reagents, ester exchange
would certainly occur and invaldate the results; however it would be possible to use
labelled reagents for both steps, and determine carbonyl by difference.

.

2. Sulfur in Coals

It is commonly supposed that the organic sulfur in coals is present in any or
all of the forms, mercaptan, disulfide, sulfide, thiophene ring system; the last
two, on grounds of superior stability, are the most probablelz. Of these four
forms the first thﬁee react (at varying rates) with methyl iodide to form tertiary
sulfonium iodides'?, The primary reaction with a sulfide is:

RoS + ClsI = (RS CHs]® 1 [¢H)

With mercaptans and disulfides hydrogen iodide and possibly other by-products are
also formed,

SelkerlB, in a study of sulfur in vulcanized rubber, showed that further reac-
tion can occur, imvolving a metathesis of the radicals attached to sulfur, by dis-
sociation and re-methylation; the rate of reaction varied widely with the nature of
R. The overall result is:

RoS + 3CHaI = 2RI + (CHz)zSI (2)

Thus, when applied to coal, by reaction (1) one methyl group and one iodide iomn
are introduced for each sulfur atom present as sulfide, whereas by reaction (2)
two covalently bound iodine atoms are added to the coal and one molecule of tri-
methylsulfonium iodide released into solution for each sulfur atom present; in the
latter case the sulfur is removed from the coal.

f

s
B

s

Reaction with methyl iodide has been used by various authorsl4-l6 to_obtain a

distribution between the reactive and unreactive forms of sulfur. Kavcic and
Angelova15 assumed that only reaction (2) took,place, and measured the decrease in
sulfur content, Postovskii and Harlampovit:ch16 assumed only reaction (1) and
measured the iodine content of the treated coal.

Experiments have been started17 with the object of finding out which reaction
is in fact followed, using l4C-labelled methyl iodide. The coal is heated at 125°
with the iodide in acetone. The product after washing with acetone is analysed for

C, and for tctal § and I by chemical analysis; a sample is washed with sodium nitrate

solution and the iodide ion released by exchange is determined by titratiom. The
results still require some clarification, but it is already evident that both
reactions (lz and (2) occur, since some sulfur is removed, and both covalent
iodine and 1 C-methyl groups are added; there is some exchangeable iodide ion in

the products.

T ggp——
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A complex reaction like this can obviously only be elucidated by setting up
4 a complete weight balance for methyl, bound and ionized iodine, and sulfur.
Radiochemical methods cannot be used for the sulfur, and are hardly necessary for
. the iodine, since its atomic weight is high and chemical analysis is reasonably
! accurate (though perhaps slower than radiochemical). However the carbon and hydro-
' gen added as methyl could not feasibly be determined in any other way than by means

of tagged atoms.

) Perhaps it is worth mentioning for completeness that Cef ic has carbonized a

; series of coals in the presence of added 3SS-enriched pyrite ; she found that some

of the sulfur released by the pyrite becomes fixed in the orgamic part of the char.
She also used the same tracersin studying the effect of carbonizing in a stream of




3.
hydrogen, steam and ammonia.. >

3. Depolymerization of Coal

The depolymerlzatisn of coal with the phenol/boron trifluoride .complex studied
by Heredy and Neuworth™”, illustrates another use of tracers. In this reactionm,
the Lewis acid brings about the splitting of linkages of the diarylmethane type, and
one molecule of phenol adds across each broken bond. The coal is broken down into
products of relatively low molecular weight, a large fraction being soluble in
organic solvents. The use of L4 _1abelled phenol permits the amount added to the
fragments to be easily determined. The results, in conjunction with the molecular
weights of fractions and other data, suggest interesting conclusions about coal
structure and in particular the way in which aromatic nuclei are linked together.

4, Suggested further Applications

(a) Performic acid oxidation. Early experiments' showed that the extemt of
oxidation of a coal, measured by elementary analysis and by the solubility of the
product in caustic soda, was much reduced if the coal was first acetylated. This
result, if correct, is important, becsuse it implies that the initial attack of the
reagent is on the aromatic nuclei, rather Eaag aliphatic groupings, as might have
been expected. However later experiments did not confirm the result, and it
was suspected that since they were on a larger scale and a higher temperature was
reached owing to the strongly exothermic nature of the reaction, the fﬁetyl groups
were removed by hydrolysis in the strongly acid reagent. The use of “"C-acetylated
coal would provide the easiest means of testing this hypothesis.

(b) Dehydrogenation of Coals. Peover2 found that the main reaction between coal
macerals and benzoquinone was hydrogen abstraction from hydroaromatic rings and
_reduction of the quinone to hydroquinone, However, some Diels-Alder addition of
quinone to the coal occurred, and consequently the analytical data were difficzlt to
interpret. Interpretation would be easier if the quinone were labelled with
or perhaps tritium.

(c) Other reactions. There are many other reactions where tracer techniques
would greatly assist_ interpretation of the results, such as oxidation with
perbenzoic anhydridel, reduction with lithium in ethylene diamine~, and bromination
with N,bromosuccinimide.

Conclusions

It is evident from the foregoing that tracer techniques are extremely useful
in elucidating the reactions of coal, which. are often complex. Im particular
the techniques offer the best and sometimes the only practicable means of finding
out whether a reagent has added to the coal; this addition may be desired or
undesired. In any event quantitative data are readily obtainable,

Where the facilities of a radiochemical laboratory are already available, the
technique should clearly be used extensively, Provided a counting chamber of the
hemispherical or cylindrical types is available, the radioactive reagent can be
very heavily diluted with inactive material while still retaining an adequate count
rate in the reaction product. G iven and Peover in their reductive acetylation
ezperimentslo only had available an end-window type of counter, so that 1 mc. of
) L C-acetic anhydride could be diluted only to about 20 ml. Where one of the high-

efficiency counting chambers is available, 1 mc, could be diluted to many litres;
at this dilution 20 ml. Teagent used in an acetylation would cost considerably less
than a chemical acetyl determination carried out by a commercial microanalytical
laboratory. Radiochemical methods therefore may prove not only counvenient and
useful, but perfectly practicable for extemsive use.
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THR STUDY OF CARBONw=OXYGEN SURFACE COMPLEXES USING 018 AS A TRACER¥

F. J. Vastola, P. J. Hart, and P. L. Walker, Jr.
Department of Fuel Technology, The Penmsylvania State University
 University Park, Pennsylvania

when 0, reacts with carbon, CO and CO, are the gaseous reaction products. Howw
ever, not all of the O, consumed appears in the form of these products, Scme of the

.0xygen remains chemically bound to the carbon surface in the form of an oxygen sure

facewcomplex., To define the mechanism of the carbon=oxygen reaction, the nature of
this complex must be more fully understood, For the investigation of the role of
these complexes, techniques have been developed whereby the reaction can be studied
using low O, gas pressures in conjunction with relatively high carbon surface

‘areasl’2, ynder these conditions, the effect of the formation of a given amount of

surface complex 18 greatly magnified.

In studying the reaction between Graphon and Oy in the pressure region below
0.1 Torri*it has been found that only a small fraction of the total BET surface area
of the Graphon is capablé of chemisorbing oxygen (less than 27)2, The extent of
this chemisorbing area is dependent upon the pretreatment of the Graphon sample and
reaction temperature. A fraction of the 0, consumed continuously goes into this
chemisorbed surface complex until the complex coverage reaches a ''saturation' value.
After saturation is reached, most of the reacting O, appears in the form of gaseous
reaction products. The complex thus formed is stable in that it will remain on the
carbon surface, at reaction temperature, in vacuo (ca. 10™? Torr). To remove this
surface complex, it is necessary to heat the carbon to temperatures greater than the
reaction temperature. Upon heating of the carbon to a selected higher temperature,
the complex decomposes into CO and COp; the rate of this decomposition. decaying from
an initially large value to an immeasurably low value.

Among_the points in question concerning the behavior of the surface complex,
some can be answered.by the use of isotopic tracer techniques. In particular, this
investigation was undertaken to clarify two main points = (1) the importance of the
oxygen surface complex as an intermediate in the conversion of 0, to CO and (2) the
possible relation between the time of formation of the complex and its ease of re=
moval upon outgassing at higher temperatures following reaction,

EXPERIMENTAL

Materials Used = The carbon used in this investigation was Graphon wvhich was prow
duced by the heat treatment of the chamnel black, Spheron 67, to 2800° C. Since the
surface capable of chemisorbing oxygen increases rapidly with small amounts of oxie
dation in the low burneoff region, the .samples were preoxidized at 650°C. at an Op
pressure of 0.5 Torr to 14,4% burnmoff, .Oxidation of the origimal Graphon to this
burn=off increased the BRT surface area from 76 to 98 m.2?/g. Following this sube
stantial amount of burnwoff, there was a negligible change in .active surface area

*Results of research supported by the National Science Foundation on Grant 6023,
## 1 Torr = 1 mm of mercury.
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with the small, additiomal amounts of oxidatiom resulting from the present study.
The preoxidized Graphon samples were outgassed at 950°C, in vacuo (ca. 10*7 Torr)
for 3 hrs, prior to each rum, . : ’

The Oy enriched in O]‘8 was obtained from the Weiimafalnstitute of Science
Rehovoth, Israel. This axygen coutained 98.4 atomic % 0 (96.8 mele % 0218-16),
0.6 atomic % 017, and 1.0 atomic % 016, '

Apparatus = Figure 1 shows the apparatus used in this investigatiom. The Graphon
sample is placed in a 10 by 60 mm. Vycor test tube which rests in.the bottom of a

2 by 35 cm. Vycor reactor, .The volume of the reactor system is 0.79£.; the reservoir.
has a volume of 4.94. The reactor is evacuated by a diffusion pump. McLeod and
thermocouple gages are used for pressure measurements, The reactor is heated by a
resistance furnace, with furnace temperature regulated by an automatic temperature
recorder=controller. The entire apparatus is directly conmected through a molecular=
flow leak to the analyzer tube of a modified General Electric mass spectrometer.
Since the gaseous products to be analyzed are CO, O%é and -cof with both-0l0 and 018
present, ‘the masses of concern are: 28eC0L6, 30eC0L3; 32.0,16%16, 340, l6+18,
3620518718 440C0,16%16 ) 46wC0,16%18, and 48-C0,18=18, :

RESULTS

To label the complex with respect to time of fommatiom, a 0.100 g. Graphon
sample was heated to 300°C. and exposed to 0216"16 at a pressure of 0,490 Torr for
a period of 2,5 hrs, At the end of this exposure, the 0é16'16 was removed and rew
placed with 02]-8"-']-8 (96.8 mole % 0218"18) at a pressure of 0.435 Torr for a period
of 6 hrs. Table I gives the analysis of the gas present after the two oxidation

perlods. The species 0216'18 and'0217'18 are a consequence of the 016 and 017 in the
original ol8 sample. . :

TAERLE I
ANALYSIS OF OXYGEN AFTER EXPOSURE TO GRAPHON AT 300°C,

2.5 hr. Exposure (0216"16) _ 6 hr. Exposure (0218-18)

Species Concentration, mole % . Concentration, mole %
0,16-16 98.1 0.01

0.16-18 - - 1,27

0,17-18 - 1.10

0,18-18 - 95.6

col6 1.58 : 0.09

col8 - . 1.52

co,16-16 0.38 -

co,l8-18 C - 0.32

. The complex formed in this two-step reaction was removed in increments by heat-
ing the carbon at a series of temperatures between 300 and 90G°C. Most of the com-
plex was recovered as CO. Table II gives the cumulative amount of each isotopic
species of CO removed, following outgassing up to amd including selected temperatures.
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) TABLE II
ISOTOPIC DISTRIBUTION OF CO IN OUTGASSING PRODUCT FOLLOWING
INITIAL TWO-STEP REACTION OF GRAPHON WITH OXYGEN AT 300°C(
18

Temp., °C. Press., Torr x 10° Mole %, CO
cot® cot®
400 ' 0.72 0.23 24.2
500 2.60 0.77 22.9
600 6.02 - 1.66 21.6
700 13.7 4.35 24,1
800 ) 21.1 6.25 22.8
900 o 24,0 6.95 ‘ 22.5

. To determlng the role played by the surface complex in the carbon-oxggen re=-
action, the Graphon sample was then heated to 575°C. and reacted with 0

pressure. of 0.032 Torr. After a period of 45 min., the reactor was evacuated and
0,16-16 at a pressure of 0.04l Torr was introduced. During the second reaction,
the mass spectrometer monltored the Eart1al pressures of Oy, col6 and col8, Table
III gives the amount of col® ard col8 at various times of reaction. After 45 min.,
the reactor was evacuated and most of the complex that remained on the surface was
removed by heating the Graphon to a temperature of 900° C. The CO resulting from
the complex contained 53% COl8,

TABLE III
ISOTOPIC DISTRIBUTION OF CO PRODUCED DURING REACTION OF
0216"16 WITH GRAPHON AT 575°C.
IMMEDIATRLY FOLLOWING REACTION OF O, 0-*8 WITH GRAPHON AT 575°C.
Time,'min. Prezsure; Torr x 1?: } Mole %, CO18
cot co '
5 : ' .0.55 0.02 3.5
10 0.98 0.07 6.7
15 . 1.33 0.12 8.6
20 1.70 0.18 9.6
25 2,06 0.23 10.0
30 2,39 0.28 10.5
35 T 2.62 0.32 10.9
40 - 2.86 0.35 10.9
45 3,09 0.38 11.0
DISCUSSION -

At any given temperature, a certain amount of sutface complex will remain on
the carbon surface, This effect (a varying activation energy of desorption) could
be due to the nature of the carbon surface or the extent of surface complex cover-
age. If the changing activation energy of desorption is due to the nature of the
carbon surface, that ig if there 1is a distribution of site activity, one would ex-
pect the strong sites to be the first to chemisorb oxygen and to require the highest
temperature to release the oxygen in the form of CO. However, if the activation



energy for desorption is a fumction of the amount of complex remaining ouw the surface
at that particular moment, ome would not expect to find a relationship between time
of adsorption and temperature of desorptionm.

The results of the .decomposition of the surface complex formed at 300°C., as
given in Table II, support the latter reason for a changing activation: energy of
desorption with coverage. This complex was produced bY first exposing the Graphon
sample to 0,16-16 for a period of 2,5 hrs. and then 0> 8-18 for 6 hrs. It is seenm
that the concentration of CO!8 in the decomposition products is about 23 mole %
throughout the entire outgassing period, indicating that the time of formatiom of
the surface complex has little effect upon the.temperature (its activation energy)
of removal. i . ’ .

Table I gives the composition of the oxidizing gas at the end of a 2.5 hr.
reaction period (02;6‘16) and a 6 br, reaction period (0518-18),  Even though there
was a relatively large amount of 0lé gyrface complex present during the time of the
0218'18 exposure, a negligible amount of CQl6 was produced. This indicates: (1)
that the oxygen in the gaseous CO produced during.the reactiom of O, with Graphom
came almost entirely from the O, reacting at that instant and not from oxygem which
had previously gone into a surface complex and (2) that there was little carbom-
monoxide-complex interaction,

In the 575°C. reactions, the first rum with O, produced am 0l8 complex. This

complex was not removed prior to the 0216'16 run. Since the 018 complex will hehave

in the same manner as the 016 complex, the amount of ol8 appearing in the gas phase
as C018, during the 0216'16 reaction, affords a direct measure of complex decomposi-
tion. Therefore, the amount of col8 in the gas phase is an indication of the efw
fectiveness of the complex as an intermediate in the reactiom, eg.

C+ 302 = COcomplex ’ (1)
COcomplex =* CO . ' (2)
. 18 : 16-16 ’
Table III gives the concentration of CO~ in the products of the 0, reactionm.

It 18 seen that the comtribution of COl8 to the product gases increases as the re-
action proceeds, This result is contrary to what would be expected if CO wasofre-
dominately being produced through reaction (2). If this were the case, the C 8 in
- the total CO produced would have been a maximum at the beginning of the reactiom of
Graphon with 0215'16, when the 018 complex on the Graphom surface was at a maximum
and the 016 complex was at a minimum., However, the increasing concentration of col8
in the gas phase as the reaction proceeds indicates that the complex pla{s an in-
creasingly important role in the production of CO. As the coverage of 0 6 complex
increases (the 6 complex anmounted to 47% of the total complex remaining after the
051616 reaction), the activation energy of desorption of both the 0l6 and 018 com-
plex becomes less. As a result, CO production by reaction 2 becomes significant.

At the end of the 051616 reactionm, most of the complex which bad formed was
removed by heating at 900°C. Throughout its removal, the col8 concentration re=
mained constant (53 mole %), again indicating no differentiatiom of the 018 and ol6
complex as a result of its time of formatiom.

-
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THEUSEOFSHOBTEAI.F-L];FERADIOISQ{I’OPESIN TAGGING COAL
Robert P. Stewa.rt

U. S. Department of the Interior, Morgantown Coal Research Center
Bureau of Mines, Morgantown, W. Va.

An important use of radioisotopes Iin research on coal processing and coal
research is in tagging the coal to determine the path it takes through the process
under investigation. The application of radicactive tagging, however, is often
limited by radiation hazards, process contamination, or the expense of radiation -
facilities. Although only a small =smount of radicactive material is initially re-
quired to tag the material, equipment may soon become contaminated, decreasing the
sensitivity of measurement and requiring successively larger smounts of radicactive
ity for subsequent tests. In addition, the product is often contaminated and there
1s the problem of disposal of radicactive materials. From a practical viewpoint a
method 1s needed which is simple, accurate, campletely safe and econamical.

The use of short-lived radioisotopes having a half-life of perhaps one
hour would. solve these difficulties. However, this also introduces the problem of

supplying such an isotope in useable formm. The use of gamma “"cows" or "milkers”
solves this problem. -

Method of Tagging Coal with a Short-Iived Radioisotope. Onme of the great
advantages of radiocactive tracers in industrial applications is the use of tracers
with half-lives of one hour or less. This means that a few hours after they are used
the radiocactivity has completely disappeared. Such a tracer can be used without con-
taminating equipment or leaving any residual radiocactivity. Since the radicactivity
of short-lived tracers dies out in less than a day, however, one pmblem with than is
a source of suyply This has been solved by the use of gamma "cows” or "milkers,”
incloding a means of separating the parent-danghter isotopes. In this method, a
longer-lived parent element is stored for future use, then, when needed, the short
half-life daughter element is separated or milked from the parent and used to tag
. the process material.

An example of a garmsa cow 13 the element germanium-68 which is available
in millicurie amounts as germanium chioride dissolved in about 20 ml. of dilunte acid.
The continnously produced daughter-isotope gallium-68 can be extracted as gallium
chloride from the parent and used immediately. Germanium-68, the parent radioisotope,
bhas a half-1ife of 250 days and can be used as a source of gallimm-68 for several
years before the activity of the germaniim-68 beccmes too low for use. During these
years, the germanium can be extracted for gallium every ten minutes or as needed.

The extraction or milking procedure i3 very simple. Twenty milliliters of
25 percent acetylacetone are added to the germanium solution in a separatory funnel,
shaken vigorously and allowed to clarify., Most of the acetylacetone solution, which
contains only the daughter grllium, is decanted or withdrawn with an automatic pipette,
leaving all of the germanium solution for subsequent extractions. The gallium solu-
tion can now be added to powdered coal, dried, and the tagged coal used immediately.
The gallium solution can be injected directly into a pipeline, or if miscibility with
water 1s required, the gallium mey be extracted with an agueous solution. Gallium-68,
with a half-life of about one hour, emits both beta and gamma radiation. -Its gamma
radiation has an energy of 1.1 Mev, wvhich means it can be e.ffectivdy measured through
an iron pipe or at a dista.nce of several feet.
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. Nearly 1 millicurie of gallium can be obtained by each extraction from a
stock of 2 millicuries.of germanium. This provides. enough radiocactivity for most
tracer applications. Regardless of how the short-lived ga.llimn is used, it natur-
al_]y disintegrates :Ln & few hours forming stable zinc-68.

Use of Coal Tagged with Gallium-68. Gallium-68 is particularly useful in
short-duration measurements of flow paths, flow rates, mixing operations, etec.,
vhich areé completed in a few hours, and where contamination of product or equipment
must be avoided. The tagged material can be added to a process stream with ccmplete
assurance that all radiocactivity will be gone the next day.

Coal particles have been tagged with g2al11ium-68 to measure reaction time

‘of the coal and steam in a laboratory-scale coal gasifier. This gasifier is based

on the falling particle technique (1) and is used to determine the reaction rate of
pulverized coal as it drops through a steam ailmosphere inside a 3-inch-diameter,
9-foot long tube at temperatures frem 1,800 to 2,400° F. One of the problems with
this apparatus is the accurate measurement of residence or contact time between the
coal and the steam. The actual contact time was measured by adding slugs of tagged
coal to the feed stream and measuring the time interval as these slugs passed radia-
tion detectors located outside the gasifier at each end of the isothermal zone. The
tagged coal was prepared by adding a few milliliters of the extracted gallium solu-
tion to a few grems of coal end drying in a heated test tube. The gallium was ex-
tracted and dried on the coal within 5 minutes, producing about 1 m:u_licurie of ra-
diation (3.7 x 107 disintegrations per second).

Fignre 1 illustrates this application.  The tagged coal passes two ‘scin-

. tillation crystal detectors connected through ratemeters to a recorder. Each time’

‘the tagged coal passes a detector, gamms radiation from the coal produces & peak on
the tracing. The contact time is a function of the distance between these peaks.
Reproducibility of mea.suranent for contact times of 3 to 10 seconds is 2 percent.

Most of the gallium chloride remains in the ash residue collected at the
btottom of the gasifier. With successive measurements, the gallium-68 contaminates
the system, caunsing an increase in the background count and reducing the accuracy
of measurement. When this happens, the system i1s shut down until the next day when
all of the radlioactivity will have completely disappeared.

This method has been used repeatedly to measure the residence time of a
variety of coels with far greater accuracy than other methods of measurement. More-
over, the method gave qualitative information on the mixlng of coal and steam and

. binpointed the location of an unexpected holdup in the residue co].lector.l

‘Adaptations of this method are being used in other applications. One of
these is the measurement of the slippage of s0llids entrained in liquid and gaseous
media moving at high velocities. Here, a high-speed recorder measures the speed of
tagged material to thousandths of a second.

DISCUSSION

Germanium-68-gallium—68 1s only one of many parenmt-daughter radioisotopes
vhich can be used for a continuing supply of short half-life tracers. However, only
a smgll number of these have practical significance from the standpoint of availa--
bility and appropriate decay characteristics. A cesimm-137-barium~137 pair is com-
mercially available as an automatic mechanical unit 22) The decay of tin-113 to
irdium-113m has been reported sultable for this use (3). ~Others include strontium-90-
yttrium-90, tellurium-132-iodine-132, and molybdenum-99-technetium-99m (4).



The sdvantages of using gallim-68-gurmanim-68 for short balf-life tracer
applications are: :

-

1. Application is complete.‘ly safe and almost foolproof. " Oncé the simple .
extraction of gallium from germanium has been made, the short-life gallium may be
used in ‘any process with complete assurance that no radiocactivity will exist after’
a few hours. The main safety precaution is avolding carry over of germanium in the
gallivm solution during extraction. We have found no trace of carry over using
vur:lous techniques of extraction.

Only a small emount of radioactivity is needed even for’ repeated test-:
ing in the same unit. Since any contamination of equirment completely disappears in
a few hours, there is no increase in background count after successive days and weeks
of use.

3. There is no wvaste d:lsposa.l problem “bqgn_d,'simply wvalting & few hours,

" i, fhe simple extraction of gallium from germanimm can be completed in a
few minutes and the short-lived product used to tag almost any so0lid or liquid mater-
ial, either as a water or oil solution. A junior chemist, or chemical technicisn,
should find this to be a gimple Pprocedure.

-5. The short-life gallium is a strong @m emitter; tagged mterla.ls can
be d.etected. through heavy-va.‘lled pipes or at distances of _several feet.

6. A fomal rddicisotope laboratory is not required for this method, sines
the amount of radicactivity needed for most applications is very low; 1 to 2 milli-

curies of germanium is adeguate for most applicaticns. The extraction of gallium from

germanium should be performed in a chemical hood. Beyord & portable survey meter and
proper shielding or storage place for the separatory funnel of germanium, no’ special
facilities are needed. As germanium-68 is a cyelotron-produced ra.dioisotapc, s 1i-
cense from the Atomic Bnergy Coomission 18 not required. A potential user mist only
satisfy the supplier that he has the minimm instriments needed for safe usags. In
our uge of this method of tagging coal, the total personnel exposure vas calculated
to be less thsn 1 millirad per month; f£ilm badges and dosimeters did not show any
oxposure. ) ’

The diapdﬁa.ntgges of this method largely depend on the application:

1, Large smounts of germanimm-68 are not readily available. Cyclotrom’
production is usually in millicurie quantities, so that the applications of galliom-68
are generally limited to laboratory and pilot-scale applications. For determining the
flow rate in a heavy-walled pipeline, a millicurie of germanium is adequate but this
method 18 not suitable for applications requiring large amounts of radicactive mater-
ial.

2, Because of the short half-life of galliwm-68, the actual messuremeiit
mst be campleted in less than an hour, or before the radicactivity drops too low to
measure. This also limits the sample preparation time. However, the availability of
1 millicurie of gallium from 2 millicuries of germanium every ha‘.Lf hour permits wide
experinentation in methods of sample preparat:lon.
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IRRADTATICN DOES NOT ALTER THE PARTICLE SIZE QF COAL
Robert F. Stewart

U. S. Department of the Interior, Morgantown Coal Research Center
Bureau of Mines, Morgantown, W. Va. ; )

The size reduction of coal is of considerable interest, both fundamentally
and commercially, because it makes a larger surface ares available for chemical re-
action. Also, several potential coal processes are limited, directly or indirectly,
by the abrasiveness of coal or coal ash particles moving at high velocities. For
example, blades in a coal-burning gas turbine would probably be subject to less wear
whenever agglomeration of the ash from micron size coal is avoided during combusgtion.
Many new uses for coal can be envisioned if micron-size coal can be produced econ-
amically.

The irradiation of coal with gamma rays has been reported (3) to result im
considerable particle size reduction. On the other hand, many coal irradiations
have been made without the investigators noticing any significant particle size re-

duction, although the effect of irradiation on particle size was not closely exam-
ined. . :

Because of the possible econcmic significance with respect to the size re-
duction of coal, the Bureau of Mines began work at the Morgantown Coal Research
Center to determine the magnitude of this effect.

Since a considerable number of variables could affect the size reduction
of coal particles, a qualitative survey was made first on relatively small samples -
irradiated at low flux. After successive jirradiations gave negative results, quan-
titative tests were later made on larger samples irradiated at higher flux. ’

Irradiation of Small Samples at Low Flux. Coals irradiated at low flux
included lignite, from the Lehigh bed, Stark County, N. D.; subbituminous B coal,
from the Adaville No. 1 bed, Elkol Mire, Wyaming; high-volatile C bituminous coal
from the No. 2 bed, Wilmington Mine, porthern Illinois; strongly coking high-volatile
A bituminous coal from the Sewickley bed, Bunker Mine, Monongalia County, W. Va.;
anthracite, from the middle vbench of the Bottom Ross Seam, Glen Alden Mine, Wilkes-
Barre, Pa.; and an unidentified coking-type biltuminous coal.

These coals vere irradiated at the Radcell Facllity, Cak Ridge Institute
of Nuclear Studies, Oak Ridge, Tenn. Approximately 6-gram samples of each of the
first five coals were slzed and irradiated, with and without predrying, for various
periods of ‘time. Also, several size-ranges of one coal, the subbituminous B, were
irradiated. The sixth coal, the unidentified coking-type bituminous coal, was irra-
diated in lump form of 1/k-to-l-inch pieces. All samples were placed in stoppered
glass vials and irradiated with a Co-60 source at an hourly gamma dose rate of about
2 x 107 ergs per gram (reference to carbon). (One erg per gram equals 0.0I1k4
roentgen.) Untreated samples of each were retained for comparison. Since only

qualitative effects were being determined, no particular care was taken in sampling
each lot.

The particle sizes of the irradiated a.n& untreated coal samples were

determined by the Palo-Travis sedimentation method (4). This method is accurate to
15 microns for comparing the size distributions of similar samples.
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Results of the qualitative tests are shown in Table 1. The variables in
this table are (a) ranks of coal from lignite tc anthracite; (b) sizes from lumps to
200-230 mesh particles; (c) dried and undried coal; and {d) radiation exposure times
of 2 hours to 10 days. In no case was there any evidence of a significant reduction
in the size of the coal particles. There is some random scatter of data because of
the difficulty of bandling small samples of powdered coal without segregation of
sizes. However, the difference in size of the irradiated and untreated coal fell
vithin the accuracy of the size-determination method. The coal that had been irra-
diated in lump form was examined under a microscope tut there was no visible evidence
of any physical chenge.

Trradiation of large Samples at High Flux. Since the preliminary investi-
gation falled to reveal any definite indication of particle size reduction, a gquan-
tltative investigation was undertaken. In this work, relatively large amounts of
coal vere irradiated at very high flux levels and the particle-size distributions of
the product were determined by several methods.

Sample Preparation and Irradiation. Three pounds =ach of lignite from the
Lehigh bed, Stark County, N. D., and high-volatile C bituminous coal from the Rock
Springs bed in Wyoming were irradiated in separate alloy-steel cylinders. The irra-
diations were performed at the National Reactor Testing Station, Idaho Falls, Idaho,
with spent MTR fuel assemblies as sources of high-intensity gamma radiation (1).

Bach sample of coal was pulverized and screened three times on a Rotap
shaker by the A.S.T.M. method to insure that the sample was within the size range
specifiede--pinus 200 - 230-mesh U. S. Standard Sieve Series. A small sample of
minus 90 - plus 120-mesh lignite was also prepared. After sizing, each coal wvas
carefully mixed and quartered into duplicate samples, separately wrapped and placed.
in identical cylinders. ‘The duplicate samples were prepared so that the irradiated
coal could be compared with untreated coal that had received the same preparation ~
and handling procedure. Each cylinder was evacuated, purged three times with helimm
and evacuated for 3 days to an absolute preasure of 180 microns of mercury. Helium ~
was then admitted into each eylinder until a gage pressure of 2 inches of mercury was
attained. The cylinders were the.n sealed.

The cylinders were irradiated for 308 hours at a flux rate of about
3 x lO8 ergs per gram per hour. The average total dosage of each sample was as
follows:
Eigh volatile C  -200 + 230 mesh 7 x 10%° ergs g-1(¢)
Lignite -200 + 230 mesh 5 ditto
Lignite . -90 + 120 mesh 6 ditto

Methods of Size Analysis and Results. The irradiated and untreated coals
were analyzed for particle-size distribution to determine any changes in size be-
cause of irradiation. Since there is no widely accepted method of size apalysis of

coal, the slzes of the irradiated and untreated coal were determined in several dif-

ferent weys. These included the Palo-Travis sedimentation method, a standard sieve
anelysis using a Rotap shaker, a microscopic method of direct counting, and the
Coulter methcd, of analysis. N

Mgure 1 shows typical particle-size distribution curves for duplicate
tests of irradiated and untreated samples of the high volatile € bituminous coal.
These curves were obtained by the Palo-Travis sedimentation method (4). As deter-
mined from the integrated area below these curves, the average particle sizes of the
irradiated and untreated coals were 7O and T4 microns, respectively. This _d':L'ffer-
ence in size is not significant. Even if jirradiation reduced the size of a small
amount of the particles, the curve wonld "tail-off"™ much more in the directlion of
the smaller particle sizes. “As can be seen, however, the size distributions of the
irrediated and untreated samples are remarkably similar.
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TARIE 1. - Results of Irradiating Swall Semples of Pulverized Coal
Original size _ * Average size by
o C range, U. S. 1y Exposure = sedimentation
Typre of coal standard sieve J . time, days method, microns
Lignite, untreated -90 + 120 0 169
Lignite =90 + 120 1 “ 189
Lignite ‘ -90 + 120 3 18
ILignite, dried -90 + 120 1 18
Subbituminous B, untreated -ho + k5 0 38
Subbituminous B~ -ho + U5 3 390
Subbitiminous B, dried 40 + 15 1 332/
Subbituminous B, untreated . -90 % 120 0 176
Subbituminous B =90 + 120 3 169
Subbituminous B, dried =90 + 120 1 169
Subbituminous B, untreated <200 + 230 0 81
Subbituminous B <200 + 230 2 hrs. 81
Subbituminous B -200 + 230 10 81
Subbituminous B ~200 + 230 1 81
High volatile A, untreated -90 + 120 0 158
High volatile A -90 + 120 1 166
High volatile A -90 + 120 3 161
High volatile A, dried -90 + 120 1 160
High volatile C, untreated -200 + 230 o} ! 88 :
High volatile C -200 + 230 1 87
High volatile C , -200 + 230 3 88
HEigh volatile C, dried -200 + 230 1 . 90
. Anthracite, untreated -90 + 120 0 1262/
Anthracite -90 + 120 1 150
Anthracite -90 + 120 3 151
"Anthracite, dried =90 + 120 1 135
Coking bituminous unchanged

lump . 10

Yy Various coal types of the same original size-range may differ in average size

(shown in column b4) because of different methods of screening.

y Probably in error; test could not be repeated owlng to insufficient sample.
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The same equipment used to size the original coal was used to make sileve
analyses of the irradiated and untreated coals. The results are shown in Table 2.
No significant particle-size reduction is apparent.

TABLE 2. - Size analygis of irradiated and untreated coals by sedimentation and
sieve methods

' Average size by sedimentation | -  Sieve apalysis &/. .. --
Type of coal __‘method, microns 1000 200 + 550, 550 .

High volatile C :
Irradiated 70 7.5 82.1. 10
Untreated h . 1.6 82.0 6.k

Lignite - . ‘
Irradiated 9 8.2 80.3 11.5
Untreated . © 99 Tk _T8.4 ' 1k.2

} + 50 - 90 ¥ 120 T =120

Lignite : ‘ 3 ‘
Irradiated . 167 . 0.8 87.k 11.8
. Untreated :.}... . .... . 166 ... F .5 8.5. .| 1ko0

]1' Weight'-percent shown with each indicated‘mesh-size.

A microscope method of size analysis also was used. In this method, the
actigl number of particles in each size range is counted (2). Table 3 shows a typical
size analysis of the high volatile C bituminous coal. The results showed there wds no
alteration in particle size due to irrediation.

TARIE 3. -~ Size analysis by microscope count method of irradiated and untreated
high volatile C bituminous coal

Particle size, Percentage by count . Percent by volume
microns - Irradiated Untreated - Irradiated Untreated -
0-2 - 73.90 j! 59.82 - 0.01 0.01
2.5 . 218k 36.42 15 .31
5-10" .TO .82 .05 .07
10-20 .11 Ak 06 .10
20-4o 4o RiT-] 1.72 2.22
40-60 2.10 1.63 k1.4 Lo.oh
60-80 . 81 - .60 43,79 . ko.51
>80 - . 1k A5 120160 ] - 16Tk

The Coulter method of analysis was also used to determine the particle-size
distributions of the irradiated and untreated Rock Springs coal. The size distribu-
tions are shown in figure 2. Again there is no indication of any difference in par-
ticle sizes of irradiated and untreated coal. It 1s interesting to note the similar-
ities of the size distributions determined by the sedimentation method (figure 1) and
those determined by the Coulter method (figure 2).

Irradiation of Bituminous Coals of the Same Rank, Although irradiation of.
coals of different rank did not reveal any indication of significant size reduction,
the possibility remained that some other coal within the same rank might be affected
by irradiation. The coal previously reported to have been reduced in size by means
of irradiation was & high-volatile C bituminous coal from the Kenilworth seam in Utah.
Accordingly, samples of the Kenilworth coal and two other bituminous coals of the same
class---a low-volatile bituminous coal from the Pocshontas No. 3 bed, W. Va., and a
high-volatile A bituminous coal fram the Pittsburgh seam, Bruceton, Pa., -<-were pre-
pared and irradiated at the National Reactor Testing Station as described previously.
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The average total gamms dose given cach coal was § x’lo:Lo ergs per gram (reference

to carbon). Following irradiation the size of each irradiated coal was determined
by each of the four methods previously used. In no case was there any indication ‘{
of size reduction.

et

A fifth method of size comparison was made with the Kenilworth coal. Part
of the irradiated and untreated Kenilworth coal was returned to the supplying organi-
zation, the Denver and Rio Grande Western Railroad Company. This company campared
the two samples by photographing the cosls with an electron microscope at a magnifi-
cation of 50. Figure 3 shows the electron photomicrographs of the irradiated and
untreated Kenilworth coal. The photomicrographs do not reveal any difference in
particle size.

DISCUSSION

The tests conducted by the Bureau of Mines show that irradiating coal with
gamme rays does not change the size of the particles. Errors due to segregation and
sampling of pulverized coal may cause apparent effects that might easily be atiributed
to irradiation effects. Casual inspection of the data in Table 1, for instance, might
lead to a conclusion that irradiation slightly altered the-size of anthracite. Subse-
quent irradiations with careful sampling, however, showed there was actually no signi-
ficant change in particle size.

Several coals irradiated with neutrons were visually inspected and revealed
no aspparent change in size, but the induced radiocactivity of the ash in the coal pre-
cluded more detailed examination.

¥
i

An attempt was made to measure the inerease in hardness of irradiated coals
by determining the difference in grindability. Small samples of irradiated and un-
treated coal were ground in & ball mill for equal periods of time and the size dis-
tribution of each coal compared. The accuracy of this method was quite poor, repro-
ducibility of the method being about 10 percent. Within these wide limits, there
was no significant difference between grindability of gamma irradiated and untreated
coal. The results suggest that if irradiation increases the hardness of coal, the
increase in grindability must be less than 10 percent.

-
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